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Abstract
Particle- 7  coincidence data can be used as a strong tool for studying low energy 
nuclear structure. The STARS-LIBERACE array at the 8 8 -Inch Cyclotron at Lawrence 
Berkeley National Laboratory was used to study gadolinium isotopes straddling the N 
= 90 shape change region. A 25 MeV proton beam was impinged upon 154Gd and 
158Gd targets. The gadolinium isotopes 152>153>154>156>157>158Gd were studied following 
the (p,p'X (p,d) and (p,t) neutron transfer reactions.
The primary focus of this work is to study the structure of and identify single­
neutron quasi-particle states in the odd N  Gd nuclei following the (p, d) reactions. Nu­
merous new levels are observed in both 153Gd and 157Gd and multiple new 7  rays have 
been observed and associated with these and other previously known levels. A large 
excitation energy gap between approximately 500 keV and 1500 keV is observed in the 
level schemes of both nuclei where very few states are populated. This gap appears to 
demonstrate the persisting influence of the N = 64 spherical sub-shell closure to inter­
mediate deformations. It is striking that such an effect is apparent when probed from so 
far above (i.e. ~  30 neutrons away).
The secondary focus of this work is upon the angular momentum transferred to the 
statistical continuum region of these nuclei via different light ion transfer reactions, i.e. 
between approximately 2 MeV and the neutron separation energy. The angular momen­
tum transferred via (p,d) and (p,t) reactions populating 157Gd and 156Gd respectively 
was measured using two independent techniques. The first technique involves studying 
the 7 -ray decay path within the residual nucleus, the second technique involves measur­
ing the angular distribution of the light ions following the reaction. The two techniques 
are in good agreement and appear to verify each other. The measured angular momen­
tum transferred via the (p,t) reaction is measured to be a distribution centered around 
AL = 4 - 5  h. The angular momentum transferred via the (p,d) reaction is slightly lower 
and is closer to AL = 4h.
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1 Introduction
A form of indivisible matter from which all other matter is constituted was first 
postulated by Democritus in approximately 400BC. For the following 2000 years the 
idea remained dormant until the first theories concerning atoms developed further. In 
1803 John Dalton measured the masses of several different elements including hydro­
gen, oxygen, nitrogen, carbon, sulphur and phosphorous. By 1863, fifty six elements 
had been identified, and in 1869 Mendeleev released the first widely accepted version 
of the periodic table, arranging the different elements by mass which in turn revealed 
periodicity of chemical properties as a function of mass [19].
Until this point, most of our knowledge of atomic nuclei was gleaned from chemical 
properties of natural stable isotopes. The phenomenon of radioactivity was stumbled 
upon by Henri Becquerel in 1896. Whilst attempting to observe X-ray emission by 
stimulating uranium salts with sunlight, he noticed blackening of photographic plates 
which had been in contact with uranium in the absence of sunlight [20]. Becquerel 
shared the 1903 Nobel prize in Physics with Marie Curie and her husband Pierre for 
this discovery and following this, advances were made in the subject extremely rapidly.
At this point the the electron had been discovered [21] and over the following 30 
years the atomic nucleus [22], the proton and the neutron [23] were discovered. Theo­
ries about the structure of nuclei evolved in tandem with experimental advances, includ­
ing the plum pudding model of Thomson, 1904 [24], the liquid drop model of Gamow 
and von Weizsâcker, 1935 [25], and the nuclear shell model of Goeppert-Mayer, 1949 
[26].
The process of light ion transfer reactions was first discussed in 1935 by Oppen- 
heimer and Phillips [27] who observed high cross-sections for (d,p) reactions on heavy 
nuclei. In 1950 the first calculation of the angular distribution of the outgoing protons 
following the (d,p) reaction was carried out by Butler, [28]. In the years that followed, 
light ion transfer reactions were widely used in experimental nuclear structure stud­
ies. Single neutron exchange reactions such as (p,d) and (d,p), are extremely useful for 
probing single neutron states in nuclei and were important for confirming the validity 
of the nuclear shell model. Similarly reactions such as (3He,d) and (d,3He) strongly 
populate single proton states above and below the nuclear Fermi surface, respectively.
Transfer reactions are particularly useful because they can provide a wealth of in­
formation about the structure of the nucleus. The energy transferred can be deduced 
from the detected light ions energy. The angular distribution of outgoing light ions is a 
very sensitive probe of the spin and parity of levels populated by such reactions.
Studies utilising light ion transfer techniques are responsible for many major discov­
eries in nuclear structure. Indeed, the majority of the known low-lying level structures 
of many nuclei were established following light-ion transfer reaction studies. More re­
cently 7 -ray spectroscopy and large mass separators have taken the limelight in the field 
of nuclear structure. With the dawn of radioactive beams, light ion transfer reactions in 
inverse kinematics will become important for probing the structure of nuclei far from 
stability.
In this work light ion transfer reactions are used to probe states in gadolinium iso­
topes, with N ~  90, and both light ion detection and 7 -ray detection are used in co­
incidence to study the structure of these transition region nuclei. A silicon telescope 
is used to measure outgoing light ions, deuterons and tritons. An array of germanium 
detectors was used to detect 7  rays in coincidence with detected light ions. The two 
major motivations for this work are described in Sections 1.1 and 1.2.
1.1 Motivation I: Nuclear Structure of 153Gd and 157Gd.
Deep Sea Fishing in the Fermi Sea. The structure of nuclei in the N ~  90 rare- 
earth region is of particular interest due to their position at the centre of a region of 
rapid shape change from vibrational to rotational character [29, 30, 31]. Isotopes of 
Samarium, Gadolinium and Dysprosium have been particularly focussed on because 
they are close to the centre of this region where the shape transition is most rapid. Figure 
1 demonstrates schematically the sequence of level schemes observed when moving 
from near closed shell to a well deformed region. The figure demonstrates the relative 
position of levels in nuclei of different shapes. At the top of the figure the approximate 
ratio of the first excited 4+ energy to the energy of the first excited 2+, R |^ , is shown. 
This ratio acts as an empirical measure of deformation in such nuclei. In the case of 
a vibrational nucleus, the ratio has a value of 2  whilst a deformed nucleus reaches a 
limit close to 3.33. In Figure 2 the experimentally determined R |J  ratio is plotted for 
gadolinium isotopes between 150Gd and 160Gd.
Due to the rapid change in character observed in this region, these nuclei provide an 
excellent testing ground for nuclear models which attempt to deal with deformed nuclei. 
In 2001, lachello developed the idea of a critical point symmetry X(5) which described 
nuclei in this rapid transition between spherical and deformed character as undergoing 
a type of phase-change [32]. One of the key assumptions made when developing this 
symmetry is the coexistence of shapes in the low lying structure of these nuclei. This 
assumption has prompted numerous experimental works over the last decade studying 
the structure of even-even rare-earth nuclei using light ion reactions resulting in evi­
dence for shape-coexistence [33, 34, 35], and for an excess of 0+ states below the pair 
gap in these even-even nuclei [36, 37].
In stark contrast to the wealth of recent studies focussing on the even-even nuclei, 
very few experiments have focussed on the low-spin structure of the odd-even isotopes 
in the region. Indeed the majority of the established structures of the odd isotopes in
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Figure 1 : Imaginary, but typical, low lying level schemes for nuclei moving from a near 
closed shell nucleus to a well deformed rotational nucleus, [1].
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Figure 2: The R |^  ratio is plotted for gadolinium isotopes between 150Gd and 160Gd.
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the region comes from light ion transfer reactions carried out in the 1960s and 1970s, a 
sample of which are referenced here [38, 39, 40, 41]. More recently a small number of 
studies were carried out by Blasi et a l [42] and Golliwitzer et a l [43] on 153Sm. The 
majority of other recent studies of the region have focussed upon the high spin structure, 
for example [44,45].
In 2009 Allmond et a l investigated 155Gd by the 156Gd(p,d)155Gd reaction. Light 
ion detection was made using a silicon telescope array. An array of germanium 7 -ray 
detectors was used to measure light ion 7 -ray coincidences. Such coincidences allow 
unambiguous assignments of 7 -ray transitions within the level scheme. As a result, in 
addition to populating almost all of the previously known low-spin structure, Allmond 
et a l were able to assign several new single-neutron quasi-particle states and identify 
multiple new 7 -ray transitions in 155Gd. They also drew attention to several previously 
mis-assigned levels in the nucleus.
The first focus of this thesis is upon the low-lying structure of 153Gd and 157Gd 
studied via the following one neutron pickup, (p,d), reactions: 154Gd(p,d)153Gd and 
158Gd(p,d)157Gd. By studying gadolinium isotopes either side of the 155Gd (which lies 
at the centre of the region of rapid shape change from spherical to deformed character, 
154Gd is approximately spherical and 158Gd is well-deformed) we are able to study the 
development of single-neutron quasi-particle states as a function of deformation and in 
the process carry out a detailed spectroscopy of the two isotopes.
1.2 Motivation II: Measuring the Angular Momentum Transfer to 
the Statistical Continuum.
To the Continuum and Beyond. Neutron induced cross-sections on short lived nu­
clei are of great interest for a variety of reasons including a better understanding of 
astrophysical processes, stewardship science and reactor design. The major difficulty 
in making such measurements in the laboratory is that any target nucleus of interest 
is, by definition, short-lived. There are several ways of circumnavigating this problem 
including creating the short lived target in the lab using nuclear chemistry, or carrying 
out the reaction of interest in inverse kinematics utilising a radioactive beam. A third 
technique of making such measurements is the so-called Surrogate Reaction Technique, 
SRT [12, 46, 47]. This method utilises a “surrogate” light ion transfer reaction to form 
the same compound nucleus which would have been formed by the neutron-capture re­
action of interest. If certain assumptions are made, the measurement of the subsequent 
decay of the compound nucleus can be used to deduce the cross-section of interest.
This technique has the clear advantage that the measurement can be made utilising 
a stable beam and target combination. The central assumption is that Bohr’s compound 
nucleus hypothesis holds, i.e. once a compound nucleus has formed in an equilibrated
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State, the subsequent decay proceeds independent of the method of formation, [48]. This 
leads to two assumptions when attempting to validate the SRT: firstly, that a compound 
nucleus is formed and secondly that it is produced in the same ensemble of states which 
the neutron-induced reaction would have created it in.
Over the last decade, the STARS-LIBERACE collaboration [49] have been bench­
marking the surrogate reaction technique for various reactions in different regions of the 
nuclear chart. Interestingly, the technique has been shown to be very effective in certain 
mass regions and less so in others. Relative success has been achieved when measuring 
fission cross-sections in the actinide region where cross-sections extracted via the SRT 
have been shown to be within ~  5 % of directly measured (n,f) cross sections over a 
wide range of energies, [50, 51, 52, 53, 54]. On the other hand, (n,7 ) reactions tend 
to be more tricky with benchmark cross sections being measured to ~  2 0  % for (n, 7 ) 
reactions in the actinide region [55, 56] with even larger discrepancies, factors of 2 - 3, 
being observed in the mass = 150, rare-earth region [57, 58, 59].
In the rare-earth region neutron capture reactions are of interest for several reasons. 
Most nuclei above A ~  50 are formed in stellar processes which rely strongly on two 
neutron capture reaction networks: the s-process and r-process. Recently several works 
have suggested that uncertainties in neutron capture capture cross-sections in the region 
of 132Sn can lead to large variations in r-process abundances, [60, 61]. In 2009 Scielzo 
et al. attempted to utilise the (p,p/) reaction as a surrogate to measure (n,7 ) cross-section 
on even-even Gd isotopes, [57]. The cross-section was found to be within a factor of 
2 - 3 of the previously directly measured neutron induced cross-section. One reason 
suggested by Scielzo et al. for the discrepancy was that the average angular momentum 
transferred by the surrogate reaction was larger than the average spin imparted by the 
neutron induced reaction of interest.
In this work, the spin-parity mismatch is investigated further and two techniques 
which have been developed to quantify the average angular momentum distribution 
imparted to the statistical continuum region of nuclei by light ion transfer reactions will 
be demonstrated.
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2 Theory
2.1 Nuclear Models
2.1.1 The Liquid Drop Model
The liquid drop model is an early model of the nucleus that likens the collection of 
protons and neutrons in the nucleus to an incompressible droplet of fluid held together 
by the nuclear strong force. It is useful for predicting the binding energy of the nucleus 
as a function of mass number using the semi-empirical mass formula, (SEMF), Equation 
1. The binding energy as calculated by the SEMF, as a function of mass number, is 
shown in Figure 3 by the black curve.
2 (N  — Z)^1
B  = auA  — cisAz — ac—j—  aa   dh A (1)
As A
Where av, as, oc, aa and A are constants obtained by fitting to experimentally mea­
sured values.
•  av is a constant which assumes, for nuclei above a certain lower mass limit, any 
one nucleon is only bound to a certain limited number of neighbouring nucleons.
• as nucleons near the surface interact with fewer other nucleons than nucleons 
within the nuclear bulk. This term account for the lesser binding of these surface 
nucleons.
• ac is a constant which accounts for reduced binding due to the repulsive nature of 
the Coulomb force between protons.
• aa shows the charge symmetric nature of the nucleus. The (N - Z) term accounts 
for the excess of one kind of nucleon over the other. In this situation, where N 
7  ^Z, there will be an increase in interactions between like nucleons resulting in 
reduced binding. In the absence of the Coulomb force the nucleus would be most 
stable when N = Z.
• A is the pairing term, which accounts for like nucleons forming pairs and thus 
providing extra binding. In even-even nuclei this term is added to the binding en­
ergy. In odd-odd nuclei this term is subtracted and therefore reduces the binding 
energy. For odd-even and even-odd nuclei this term is taken as zero.
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Figure 3: Binding energy as a function of mass number A, [2].
2.1.2 The Shell Model
The binding energy predicted by Equation 1 is shown plotted as a function of mass 
number in Figure 3. It is clear that whilst Equation 1 reproduces the general trends of 
the measured binding energy, there are deviations from the experimental measurements 
at some values of N and Z, see Figure 3. These deviations occur when:
N o r Z  =  2, 8 , 20, 28, 50, 82 and 126
These values of N and Z are known as the magic numbers. When nuclei have either a 
magic number of protons or neutrons increased binding is observed. Nuclei with magic 
numbers of both protons and neutrons are known as “doubly-magic” nuclei and have 
still higher binding. For example, in Figure 3, 208Pb with 82 protons and 126 neutrons 
has a large deviation from the predicted curve. These deviations are due to quantum 
shell effects which the semi-classical liquid drop model does not predict.
The nuclear shell model treats the nucleus and nucleons quite differently to the 
liquid drop model. Here each nucleon is assumed to move independently in a potential 
well which approximately represents the nucleon’s interaction with all other nucleons.
In the simplest case the potential well is represented by a harmonic oscillator or 
an infinite square well. These potentials have exact solutions which are reasonable 
approximations to reality. Whilst these potentials are analytically solvable, they are not 
the optimum potentials to use to model the nucleus due to their infinite depth and failure 
to model the boundaries of the nucleus well. The magic numbers, or shell closures,
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predicted by the infinite square well potential are shown in the left most column of 
Figure 4. Although the square well reproduces the first few magic numbers, it begins to 
fail as N and Z rise above 20.
The Woods-Saxon potential, Equation 2, provides a much more practical potential 
for modeling the nucleus [62].
V(r) =  -  (2)V ol  +  e x p ( ^ )
In this equation Vq represents the depth of the potential well, R  corresponds to the 
radius of the nucleus and a is a parameter representing the diffuseness of the nuclear 
surface. This potential has a flatter bottom and falls to zero beyond the nuclear radius. 
Level spacings derived by this potential are shown in the central column of Figure 4. 
The different potential clearly has an effect on the level spacing, and apparent shell 
closures, but it still fails to correctly reproduce the experimental magic numbers above 
2 0  nucleons.
In 1949, Goeppert-Mayer and Haxel [26], discovered that a spin-orbit term, cou­
pling the orbital angular momentum and the intrinsic spin, improved the model dras­
tically. With the addition of this term the force felt by a particle differs depending on 
whether the particle’s intrinsic spin and orbital angular momentum are coupled parallel 
or anti-parallel. The binding energy is increased if they are parallel and decreased if 
they are anti-parallel. The application of a Woods-Saxon potential coupled with this 
spin-orbit term reproduces the experimentally observed magic numbers (Figure 4).
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2.1.3 Nuclear Deformation
Numerous experimental observations, including large quadrupole moments and the 
presence of rotational band structures, show that nuclei far away from the magic num­
bers of protons and neutrons can be deformed.
The shape of a deformed nucleus, can be parameterised thus:
Where are the coefficients of the spherical harmonic functions Y \>tl(6, <fi) of a 
nucleus of volume V  =
A common alternative parameterisation is to use the so called (3 and 7  coefficients. 
In the simplest case, of a symmetrically deformed nucleus (independent of ÿ with A =  
2 ), the radius is expressed:
The deformation parameter (32, equivalent to a 2o from equation 3, is related to the 
spheroid axes by:
A R  is the difference between the two remaining axes, and R av is R qA 1/3. If (32 = 0, 
the nucleus is spherical. As f32 moves away from zero the nucleus becomes deformed. 
/32 > 0 corresponds to a prolate shaped nucleus, an elongated shape. (32 < 0 corre­
sponds to an oblate shaped nucleus, analogous to a pancake.
A further deformation parameter, 7 , is used to describe axially asymmetric shapes. 
For A =  2, the 7  deformation is linked to the 0 7 ^ coefficient in the following way:
(3)
fi(6) =  üo[l +  /32y2o(9)] (4)
(5)
(6)
This 7  deformation is measured in degrees, with limits where: 7  =  0 ° corresponds 
to an axially symmetric prolate nucleus and 7  =  60° corresponds to an axially symmet­
ric oblate nucleus. Intermediate 7  values correspond to triaxial deformations.
2.1.4 The Deformed Shell Model
As outlined in the previous section, for nucleon numbers far from the magic num­
bers, nuclei are deformed. For these nuclei the deformed shell model, or the Nilsson 
model, is very effective. It accounts for most observed single particle features in almost 
all deformed nuclei. The Nilsson model is particularly successful in its interpretation 
of single nucleon transfer reactions.
The concept of the Nilsson model depends upon separating the single particle mo­
tion from that of the nuclear rotation. It becomes mathematically simpler to treat the 
only movement as that of the single particle and to superimpose the rotational motion 
of the nucleus. Nilsson used a deformed harmonic oscillator potential to do this:
H  = +  ^m {w 2xx 2 +  WyD2 +  w2zz2) + Clm s + D l2 (7)
Here, the first term corresponds to the kinetic energy of a particle with mass, m, and 
momentum, P. The second term corresponds to the potential energy of a particle with a 
frequency uj and a displacement in each axis, x, y or z. The I • s term represents the spin 
orbit term introduced previously. The I2 term simulates the flattening of the potential 
towards the centre of the nucleus. C and D are defined thus:
C = 2Khoj0,D  = = ^  (8 )
where: k % 0.06,0.0 <  /z <  0.7 and cjq is the oscillator frequency.
The total angular momentum J  = L + S  is conserved and each single particle state 
is split into (2j +  1 ) sub-levels.
The nuclear force is attractive over a short distance; therefore the energy of the 
single particle, a nucleon, is lower if the nucleon is close to the nuclear bulk and higher 
if it is further away. This depends on the orientation of J  with respect to the symmetry
Figure 5: Single particle orbits around a prolate deformed nucleus, [1].
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axis of the nuclear shape i.e. in Figure 5 particle K 2 has more energy than K i as it 
orbits much further from the nuclear bulk.
The orientation is specified by the projection of the total angular momentum onto 
the symmetry axis (Figure 6 ). For prolate shapes, nucleons that have an equatorial orbit 
have a smaller projection onto the symmetry axis and thus less energy than those that 
have polar orbits.
Nilsson orbitals are labelled as follows.
[#^ A ] (9)
Where K  is the projection of the total angular momentum on the symmetry axis, 
7T is the parity, N  is the principal quantum number which denotes the shell, nz is the 
number of radial nodes in the wave function in z  and A corresponds to the component 
of the angular momentum that is in the ^-direction.
The Nilsson diagram for the region of interest for the current work, around N = 90, 
is shown in Figure 7.
2.1.5 Deformation of Gadolinium Isotopes in the Region of Interest.
As mentioned in the Section 1.1 the isotopes of interest in this work are at the 
centre of a region of rapid shape transition from vibrational to rotational character. 
Experimental observables, including the R |£  ratio, suggest that this transition occurs 
rapidly between N = 8 8  and N = 92. In the Nilsson model the deformation is measured 
in terms of e, see Figure 7. For the gadolinium isotopes of interest, (153Gd, 155Gd and 
157Gd), estimates of e are 0.200, 0.233 and 0.250 respectively, [63]. It is this change in 
deformation which allows all three of these nuclei to have the same ground state, §~ 
§“ [521], [11].
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2.2 Reaction Theory
2.2.1 Direct Reactions
Traditionally, direct reactions are characterised into three main categories: 1) com­
pound nucleus formation, 2) stripping/pickup and 3) knockout reactions (Figure 8).
A one neutron pickup reaction, of interest in this work, occurs when brief contact is 
made between an incoming beam projectile and a target nucleus, with the result being a 
projectile like particle leaving the reaction, with a transferred neutron. Pickup reactions 
pluck a neutron from the target nucleus and preferentially populate “hole” states, below 
the Fermi surface. They are therefore a strong tool for probing the single-neutron quasi­
particle structure of nuclei. Similarly, stripping reactions deposit an additional nucleon 
and preferentially populate states above the Fermi surface.
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Figure 8: Schematic diagrams of direct reaction categories, [4].
The following Section focuses on one neutron pickup reactions, the type of reaction 
used in the current work. Consider the A(p,d)B* reaction shown in Figure 9, where the 
recoiling nucleus B* is left in an excited state. The momentum diagram for the reaction 
is shown. Assuming the momentum of the incident proton to be k ph and the momentum 
of the emitted deuteron to be then the momentum of the final nucleus k Nh, is given 
by Eq. 10.
kjv =  kp — k d (1 0 )
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From conservation of momentum, the momentum vectors are related by the cosine 
law, Eq. 11
(kjv)2 = (kp)2 +  (kd)2 -  2kpkdcos<9 (11)
If the contact is made at impact parameter R, the orbital angular momentum trans­
ferred to the final nucleus is:
Therefore
Itfh =  r x p =  Rkxfr (12)
In =  -Rk.■N (13)
M  A
Figure 9: A schematic of the A(p,d)B* and its momentum diagram.
Equation 11 shows that k N is a function of the angle 0, and therefore that the angular 
momentum transferred to the final nucleus can be associated with the spin distribution 
of the outgoing particle. This relationship between transferred angular momentum and 
the angle of the ejected light ion proves to be a strong tool for making J* assignments 
for the excited level in the resultant nucleus.
Such angular distributions are relatively well understood for the transfer of one nu­
cleon and can be modeled using, for example, Distorted Wave-Born Approximation 
(DWBA) calculations. In the current work DWBA calculations were carried out using 
DWUCK 4 [64]. Transfer of multiple nucleons becomes more difficult to analyse.
Section 2.2.2 introduces the angular momentum transfer rules and Section 2.2.3 
introduces the theoretical analysis performed by DWBA calculations.
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2.2.2 Angular Momentum Transfer Rules
The angular momentum transfer rules following light ion transfer reactions are as 
follows.
The parity of the final state is dependent upon the parity of the initial state and 
whether the measured angular momentum transfer is odd or even. Equation 14 dictates 
whether there is a change in parity. Essentially the parity of the final state is the same 
as the target nucleus ground state if the transferred angular momentum is even. If the 
L-value is odd, the parity changes.
Att =  ( - 1 )L (14)
The spin of the final state can also be deduced assuming knowledge of AL and the 
target nucleus ground state spin. It is particularly straightforward to deduce the spin and 
parity of the populated level, following one nucleon transfer reactions on an even-even 
target with a 0+ ground state. In this situation the following equation (15) applies.
J f  = L ± -  (15)
In the case where the target nucleus does not have a 0+ ground state, the following 
equation can be used to deduce the spin of a final state assuming the ground state of the 
target nucleus and the transferred angular momentum is known.
1 1
J i  +  J /  +  -  >  / c  Ji  +  J /  +  — | m m  ( 16 )
In the current work, even-even gadolinium targets are used therefore each target has 
a 0+ ground state. Equation 15 is used to deduce the possible spin, and Equation 14 to 
deduce the parity of final states. Table 1 shows the possible final spin values for each 
angular momentum transfer value following the (p,d) reaction.
Table 1: Final state possibilities for angular momentum transfers A£ = 0 - 6 h fol­
lowing the (p,d) reaction on a target with 0 + ground state.
AL h J/
0 0 + 1 +  2
1 0 + 1 -  3 -  2 ’ 2
2 0 + 3 +  5 +  2 ’ 2
3 0 + 5 -  7 -  2 , ’ 2 ,
4 0 + 7 +  9 +  2 ’ 2
5 0 + 9 -  11 -  2 ’ 2
6 0 + 11+  13 +  2 ' 2
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2.2.3 Distorted Wave Born Approximation Calculations
In order to interpret the experimental angular distribution of the outgoing light ions, 
and thus measure the transferred angular momentum, the data is compared with Dis­
torted Wave-Born Approximation calculations. This model replicates the interaction 
of the incoming light ion and the separate nucleons of the nucleus by calculating the 
interaction of the incoming particle’s potential with a potential well chosen to represent 
the target nucleus as a whole. The potential chosen to represent the nucleus closely 
reproduces the bulk properties of the collection of nucleons, whilst simplifying the cal­
culation. The result of the calculations is a distinct angular distribution for each angular 
momentum transfer value.
DWBA calculations are one of the widely accepted methods of calculating direct 
reaction cross-sections and the theory is well-established [4, 65, 6 6 ].
The theory relies upon the idea that a light ion transfer reaction is a one step mech­
anism. This one step mechanism can be chracterised as having three different stages.
1) The projectile approaches the target. Both are represented by their own Coulomb 
and nuclear potentials.
2) The transfer reaction occurs in one step.
3) The outgoing light ion moves away from the target. Both are represented by their 
own Coulomb and nuclear potentials.
In theory, to describe such a reaction the Schrôdinger equation must be solved for 
each nucleon in the system, essentially every nucleon in its own potential well which is 
created by the the other N  nucleons. This creates a situation which is very difficult to 
solve numerically for systems greater than a few nucleons.
In the optical model the interactions between nucleons in the target nucleus are 
replaced by an average potential which represents the sum of the separate nucleon po­
tentials. This massively simplifies the calculation which must be made to Equation 17, 
where A is the Laplace operator, fi is the reduced mass shown in Equation 18.
The optical model of course gains its name from analogies with optical phenomena. 
Historically, the optical model was developed on the basis of comparing the scattering 
of neutrons from a nucleus to the scattering of light by spheres of differing transparency. 
The nucleus is viewed as diffracting part of the incident wave and refracting part of the 
wave. To model this, a potential is chosen with both real and imaginary parts. The real 
part corresponds to the diffraction (i.e. elastic scattering) of the incident wave and the
Ê y  = ( -—A +  V)\Er — Ety (17)
A i A <
(18)
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imaginary part to the refractive (inelastic scattering) part of the incident wave where 
absorption occurs. The result is a potential of the form:
( r )  =  C /(r )  +  W  ( r ) (19)
Initially a square well was utilised, but such a potential fails to take into account the 
short range of the nucleon-nucleon force. Nucleons closer to the edge of the nuclear 
mass undergo less interactions as they have less neighbours. Woods and Saxon [62] 
suggested a potential which decreases to zero smoothly at the extremes, the widely 
used “Woods-Saxon” potential, which takes the form:
In this equation a is a parameter which defines the diffuseness of the nuclear surface. 
This is still not the complete potential. As in the shell model section (2.1.2) a spin- 
orbit term of the form shown in Equation 21 is introduced.
Finally, for interactions which include particles which have a charge, for example 
protons, a Coulomb term is introduced.
The form of the final potential utilised in the optical model is shown in Equation 
22, where Vc(r) is the Coulomb potential term, Uf(r)  is the real part of the Woods- 
Saxon potential, iWvoif(r)  is the imaginary volume term of the Woods-Saxon potential, 
iWsurfg(r) is the imaginary surface term of the Woods-Saxon potential and Vso (r) is 
the spin-orbit term.
In this work, the DWBA calculations were carried out utilising the code DWUCK4 
[64]. The input to this code requires information pertaining to the potentials of both the 
incoming and outgoing particles and also the target nucleus. The input file also requires 
information about the spherical shells populated, the energy of the incident particle and 
the Q-value of the reaction utilised.
Values for the potentials were found following a review of the literature where sim­
ilar reactions on similar mass nuclei were carried out. The parameters which were 
utilised for these calculations are summarised in Tables 2 and 3. The references for the 
parameters for each potential are shown in Table 2. The notation used is in accordance 
with the notation of reference [18]. A summary of this notation and examples of the 
input files used in these calculations is shown in Appendix A. The validity of these 
parameters were confirmed by a leading reaction theorist [67].
V  + iW
(20)
(21)
V  (r) =  Vc(r) +  U f (r)  +  iWvoif(r)  +  iWsurfg(r) +  VSo{r) (2 2 )
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These potentials were also chosen because the output distributions best represent 
experimental angular distributions measured in this work. For this comparison with 
experimental data, examples of levels were chosen where the spin and parity of the state 
is firmly established and thus the L-transfer is also well-established. These examples are 
shown in Sections 5.1 and 6.3. The angular distribution curves generated for AL = 0 -6  
h are shown in Figure 10 for the (p,d) reaction and Figure 11 for the (p,t) reaction. The 
shapes are quite drastically different for the two different reactions. It is notable that 
within the angular range covered in this work several of the curves are similar to each 
other, but several have very distinct features which make spin and parity assignments 
using this technique viable.
L = 2 L = 3L = 0
S  12 
>> 10
35 40 45 50 55L = 6L = 4 L = 5
35 40 45 50 35 40 45 50 35 40 45 50 55
Angle (degrees)
Figure 10: Calculated DWBA curves for the (p,d) reaction at 0 MeV excitation energy.
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Figure 11: Calculated DWBA curves for the (p,t) reaction at 0 MeV excitation energy.
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For the angular distributions of low-lying states the calculations fit the data well. In 
the second part of this thesis, Section 6 , angular distributions of states at high excitation 
energy, ~  5 MeV, are studied. In this case the experimental angular distributions are 
expected to vary dramatically from those expected close to the ground state. To engineer 
this higher excitation energy, the Q-value of the reaction is changed by the excitation 
energy which is being studied [67]. The curves for the (p,d) and (p,t) reactions at 5 
MeV excitation energy are shown in Figures 12 and 13 respectively. Note that in the 
angular range covered in this work, ~  30° to 60°, these curves vary dramatically from 
the calculations carried out for E* close to the ground state, Figures 10 and 11.
L = 2L = 0 L = 3
35 40 45 50 55L = 4 L = 5 L = 6
5  4
35 40 45 50 35 40 45 50 35 40 45 50 55
Angle (degrees)
Figure 12: Calculated DWBA curves for the (p,d) reaction at 5 MeV excitation energy.
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Figure 13: Calculated DWBA curves for the (p,t) reaction at 5 MeV excitation energy.
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2.2.4 Gamma-Ray Emission and Transition Rules
Gamma-ray spectroscopy is a sensitive probe to nuclear structure. The energy of an 
emitted 7  ray from a nucleus is dictated by the difference in energy between the nuclear 
state it originates from and the state it decays to. In theory a state can decay by 7 -ray 
emission to any state within the nucleus at lower excitation energy. In practice certain 
decays will happen preferentially due to transition rules that depend on the particular 
quantum numbers of the states involved.
The first of these is the angular momentum selection rule. When a nucleus decays, 
the emitted 7  ray takes angular momentum, L, with it. This transferred angular momen­
tum, L, is determined by the difference of the initial and final states, Equation 23.
Ti = I f  +  L  (23)
The selection rule says that the multi-polarity of the transition is limited according 
to Equation 24
\Ii — -f/l < L < \Ii +  If\ (24)
As well as angular momentum conservation, a parity change may occur following 
7 -ray emission. Electric multipole radiation, E l ,  E2 ... E L  changes parity according
to (—1 )L whilst magnetic multipole radiation changes according to (—1 )L+1.
These rules dictate which transition multipoles are possible. A summary of the rules 
for dipole, quadrupole and octupole transitions is shown in Table 4.
Table 4: Gamma-ray transition rules summary.
Multipolarity Dipole Quadrupole Octupole • •  •
Angular Momentum L = 1 L = 2 L = 3
Type of Radiation El M l E2 M2 E3 M3 E... M...
Parity Change YES NO NO YES YES NO NOYES
In many situations more than one transition multipole is allowed by the rules de­
scribed above. For example, in the decay of a 4+ to a 2+, there is no change in parity 
and L is >  2 and <  6 . This combination would allow: E2, M3, E4, M5, or E6  decay. 
In reality, it becomes apparent that there is a strong reliance on the transition rate which 
heavily favours low multipole transitions.
Equation 25 defines the 7 -ray emission probability per unit time, where a denotes 
the type of radiation (either electric or magnetic), u  is the angular frequency of the 
radiation and B(aL)  is the reduced transition probability.
23
e0L[(2L + l)\\}2h yc
(25)
Calculations of reduced transition probabilities can be difficult and require infor­
mation concerning the nuclear wave function. The calculation can be simplified by 
assuming the transition of a single proton between two single particle states. Weisskopf 
showed that a reasonable approximation for these reduced transition probabilities can 
be given by Equations 26 and 27 for electric and magnetic transitions respectively.
These so-called single particle estimates of radiative decay probabilities for electric 
and magnetic transitions up to L = 5 are shown as a function of 7 -ray energy for a mass 
125 nucleus in Figure 14. In general lower multipole transitions are more probable. As 
E7 increases higher multipole transitions become more likely. For a given multipole 
electric transitions are more probable than magnetic transitions.
B SP(EL) = - (
47t L +  3
e2 ,  ZRL ' 2
v r  1 9  ' (26)
B sp(ML) = 10(—^-=)2B sp(EL)
T f lp C l t
(27)
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Figure 14: Single particle estimates of radiative decay probabilities for electric and 
magnetic transitions up to L = 5. Plotted as a function of 7 -ray energy and shown for a 
nucleus of A = 125, [2].
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3 Experimental Setup and Detector Theory
The experiment was carried out at the 8 8 -Inch Cyclotron at Lawrence Berkeley 
National Laboratory (LBNL). A 25 MeV proton beam was incident on three targets of 
Gd isotopes: 158Gd, 155Gd and 154Gd. The proton beam was also incident upon a mono­
isotopic 89Y target for a period of ninety minutes. The result of this short experiment 
is presented in Appendix B. The STARS -LIB BRACE (Silicon Telescope Array for 
Reactions Studies - Livermore Berkeley Array for Collaborative Experiments) arrays at 
LBNL were used for particle and 7 -ray detection respectively.
In Section 3.1 the basic principles of semiconductor detectors are introduced. Sec­
tion 3.2 discusses methods of light ion detection utilising semiconductor detectors and 
details concerning the STARS array used in this work will be discussed. Similarly Sec­
tion 3.3 introduces the principles of 7 -ray detection and the detector array used in this 
work, LIBERACE.
3.1 Semiconductor Detector Principles.
The basic concept of a semiconductor detector is that ionising radiation which en­
ters the detector creates electron-hole pairs which are collected by an electric field. The 
movement of the electron-hole pairs in the electric field creates a current which is mea­
sured and corresponds to the energy of the incident ionising radiation, [5].
Semiconductors work on the basis that there is a forbidden energy gap between the 
valence band and conduction band of the crystalline structure, shown schematically in 
Figure 15. The figure shows this gap for an insulator, a semi-conductor and a metal. The 
forbidden energy region corresponds to a region in the atomic structure where there 
are no energy levels to occupy. Electrons which occupy levels below the gap, in the 
valence band, are tightly constrained to their own atom within the semiconductor crystal 
lattice. Electrons in the conduction band are allowed to move more freely amongst the 
atoms which form the lattice. It is the size of this gap and the position of the Fermi 
surface which governs whether a material is a good conductor or not. Metals are good 
conductors because their Fermi surface lies in the conduction band, allowing many 
electrons to travel freely though out the atomic lattice. Insulators have a large band gap 
and their Fermi surface is in the valence band, therefore it requires a lot of energy for 
an electron to be excited into the conduction band.
A semiconductor detector is created by doping the semiconductor of choice with 
p-type and n-type contacts. This introduces an excess of electrons to one region of 
the medium and an excess of holes to another region of the detector and creates a p-n 
junction where a charge-less depletion region exists. By passing a reverse-bias volt­
age though the medium this depletion region can be expanded, (reverse-bias refers to a
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Figure 15: The energy band structure of insulators, semiconductors and conductors are 
shown, [5].
negative voltage being applied to the p-type side of the detector and vice-versa). The 
application of this voltage expands the depletion zone and increases the detection vol­
ume. The magnitude of the voltage required to achieve full depletion is proportional to 
the size of the depletion region. The magnitude of the voltage also effects the charge 
collection. Higher voltage corresponds to higher efficiency. The maximum voltage 
is governed by the semiconductor’s resistance. Silicon detectors are limited to a few 
millimeters maximum thickness, therefore full depletion can be achieved with a few 
hundred volts. Germanium crystals can be much larger, up to the size of a coffee cup, 
and therefore much higher voltages are required to achieve full-depletion.
Different semiconductor materials are useful for different purposes. Silicon has the 
advantage of a slightly higher band gap than germanium. This allows silicon detectors 
to be operated at room temperature. In contrast, germanium detectors need to be cooled 
to liquid nitrogen temperatures to avoid the effects of thermal noise exciting electrons 
across the band gap. For charged particle detection the key concern is a depletion region 
large enough to bring the light ions to a stop. If this is the case light ions are detected 
with almost 100% efficiency. When 7 -ray detection is of interest germanium detectors 
are preferable because of the higher proton number (Z = 34 compared to Z =14). Ad­
ditionally silicon detector technologies currently limit silicon detector thicknesses to a 
maximum of a few millimetres.
3.2 Light Ion Detection
3.2.1 Light Ion Interaction with M atter
Charged particle detection occurs when a light ion interacts and deposits energy in a 
detector. The Coulomb force between the positively charged particle and the negatively 
charged electrons in the absorber lead to a gradual energy loss. Over the course of
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numerous interactions a charged particle loses all of its energy and eventually stops. It 
is also possible for the particle to interact directly with nuclei in an absorber, but this is 
much less likely due to the small volume of the nucleus compared to that of the atom.
When the particle interacts with an electron there are two possible outcomes. The 
electron may be excited to a higher energy, or alternatively ejected from the atom (ion­
isation). The particle reacts with many electrons simultaneously giving the appearance 
that the particle is gradually slowing down.
The interacting particle typically has an approximately straight-line trajectory in the 
absorber. Once the particle energy becomes approximately equivalent to the energy it 
is losing in electron interactions, the particle’s path may wander. In the less probable 
case of a collision with a nucleus the trajectory can change dramatically.
The Stopping Power: The linear stopping power, 5, also known as rate of energy 
loss, gives a measure of how well an absorber stops a particular particle and is defined:
2  =  - ^  (28)ax
The specific energy loss of a particle in an absorber can be calculated by the Bethe- 
Bloch formula.
dE . Ze1 .24ffZpNa
S  — t t  — ("j-----) (29)dx Attsq Amp  
Where v  is the ion velocity, Ze  is the electronic charge, N a is the Avogadros num­
ber, A  is the atomic number, m  is the electron rest mass, (3 is e0 is the permitivity of 
free space, p is the density of the absorber and /  is a parameter representing the ionising 
potential of the absorber. This is an experimentally measured value for the element in 
question. It is typically taken to be approximately 11 Z eV, [2].
The stopping power of an element varies with the energy of the particle being 
stopped. The higher the energy of the particle, the less energy it loses in any single 
electron interaction. Thus it will slow down more slowly than a lower energy particle 
which loses more energy per interaction. The Z 2 term in Equation 29 dictates that larger 
particles will stop much more quickly than smaller particles.
Stopping curves for protons, douterons and tritons in silicon, calculated using Equa­
tion 29, are shown below in Figure 16. Note that the heavier particle has a consistently 
higher This corresponds to heavier ions having a higher energy loss at equivalent 
energies. At low energies, increases rapidly regardless of the mass of the light ion.
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Figure 16: Energy (MeV) deposited in 1 mg/cm2 of silicon by protons, deuterons and 
tritons as a function of incident light ion energy.
3.2.2 Light Ion Measurement
One method of detecting light ions is to use silicon semiconductor detectors. This 
type of detector works like a reverse-bias diode. A bias, usually on the order of ~  100 
V, is placed across the silicon and as particles interact excited electron-hole pairs are 
collected by the electric field. This charge corresponds to the energy of the particle. 
The energy resolution of silicon detectors is limited, on the order of ~  30 keV. Another 
limiting factor of silicon detectors is that it is difficult to make detectors thicker than 1 - 
2 mm. The thickness is limited by the bias required to deplete the silicon. In this work 
Double Sided Silicon Strip Detectors, DSSDs, are used. In this work two detectors were 
used. The first was 0.14 mm and the second was 1.0 mm thick.
One advantage of using silicon detectors for particle detection is that they can be 
segmented. This allows particle position sensitivity. In addition the smaller detection 
area leads to increased energy resolution over a similarly sized detector which is not 
segmented. In the present work, Micron S2 silicon “cd” detectors were used, shown 
in Figure 17, [6 ]. This type of detector is segmented into both rings and sectors. The 
ring segmentation is on one side of the “cd” and the sector segmentation on the other. 
When an interaction occurs both faces of the detector provide an output signal which 
corresponds to the energy of the interacting light ion. The segmentation provides pixel 
position identification, the rings provide the radius and the azimuthal angle is provided 
by the sectors. The energy resolution of the signal provided by the rings is typically 
better than that of the sectors due to the smaller area of the rings in comparison to
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sectors. Typically this type of detector has 48 rings, 0.5mm wide and 16 sectors. In our 
experiment adjacent channels were bussed together to effectively make a detector of 24, 
1 mm wide rings and 8 sectors.
The faces of the silicon have dead-layers. These layers provide the electrical con­
tacts which collect the charge following the light ion interaction. The side with the ring 
segmentation has a 1 0 0 0  Â layer of aluminium and the side with the sector segmen­
tation has a 3000 A layer of gold. As the particle passes through these dead-layers, it 
loses energy just as in the silicon, although it is not measured. Therefore for an accu­
rate measurement of the particle’s total energy the energy deposited in these dead-layers 
must be taken into account.
Particle Identification The silicon detector array can be used for particle identifica­
tion when arranged in a AE-E telescope formation (Figure 18). The premise is that 
by closely packing a thin transmission detector with a second detector which is thick 
enough to bring the particle to a stop, the particle can be identified. As expressed by 
Equation 29, the energy deposited in an absorber is dependent on the mass of the parti­
cle. A plot of the energy deposited in the AE detector against energy deposited in the 
E detector on an event by event basis, shows different bands. These bands correspond 
to different mass particles being stopped in the telescope. The bands correspond to out­
going protons, deuterons and tritons. Reaction selectivity can be achieved by gating on 
the outgoing light ion of interest.
Ray-tracing Events which originate from the target can be selected (and other events 
vetoed) using the ring segmentation of the DSSD detectors. This technique is known 
as ray-tracing. It is done by making a correlation matrix of ring-id triggered in the AE 
detector vs. ring-id triggered in the E detector (ring 1 is the inner most ring, etc.). If an 
event originates from the target and follows a “straight” path then, depending upon the 
ring triggered in the AE detector, only a select few rings in the E detector can possibly 
also trigger. Events that do not “trace” back to the target are vetoed. The experimental 
correlation between AE ring-id and E-detector ring-id is shown in Figure 19.
In Figure 19 the dark blue / grey stripe moving from the bottom left of the figure
o
o
Figure 17: Schematic of the “cd” type 
DSSD detectors used. The detectors 
are segmented into rings and sectors 
providing angular information in both 
6 and </>, [6 ].
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Figure 18: Particle-ID plot. Particle identification is achieved by arranging the silicon 
detectors in a telescope formation. Light ions are separated according to the energy 
deposited in similar thicknesses of silicon.
to the top right corresponds to events that originate from the target. A second stripe of 
events at a slightly lower angle corresponds to events which originate from interactions 
with a collimator further upstream than the target.
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Figure 19: The ray trace. Used to select events which originate from the target position. 
Ring-id in the AE detector is plotted on the x-axis versus ring-id in the E detector on 
the y-axis. The grey and dark blue stripe which links the bottom left to the top right 
corresponds to particles which originate from the target.
Angular Distributions Another feature of the angular segmentation is that it allows 
the angular distribution of outgoing light ions to be measured. Combined with the 
sector segmentation this provides pixel identification within the silicon. The angular 
distribution of outgoing light ions can provide information about the spin and parity of 
the state populated in the compound nucleus as described in Section 2.2.3. Later in this 
thesis deuteron and triton angular distributions will be used to make angular momentum 
transfer measurements.
3.2.3 The STARS Array
Light ions (protons, deuterons and tritons) were detected using two silicon “cd” 
detectors in a telescope configuration (the so-called STARS array). The array allows 
energy measurement, angular measurement and particle identification. The detectors
are two-fold segmented into 48 rings and 16 sectors. Each ring has a radius 0.5 mm 
greater than the last. In this experiment the 48 rings were bussed into 24, one millimetre 
thick rings. The detectors are segmented into 16 physical sectors, which were bussed 
together into 8 sectors. The AE detector used was 140/rm thick and the E detector used 
was 1000/rm thick. A photograph of the silicon detector array inside the target chamber 
is shown in Figure 20.
A plot of energy deposited in the AE detector versus energy deposited in the E  de­
tector, the particle identification plot, is shown in Figure 18. The bands demonstrate the 
differing amount of energy deposited in the silicon by different mass particles. These 
bands correspond to the different particles, protons, deuterons or tritons. Gating on one 
of these bands provides reaction selectivity. This plot can be linearised by applying 
Equation 30 [6 8 ] on an event by event basis (see Figure 21).
Figure 20: Photograph of the STARS telescope array.
As discussed above, the silicon detectors can be used to study the angular distri­
butions of particles following light ion transfer reactions. The angular coverage of the 
silicon detectors can be varied by changing the distance of the silicon detectors from 
the target position. At ~  2 cm from the target position, forward angles of between 30°
33
ooo
o '
un
ooo un
T—I
CL û .
LUGO
Oo
r—I
LU
o
o
Part ic le
Figure 21: Linearised particle identification plot.
and 60° are covered (see Figure 22). The lower limit on angular coverage is governed 
by high count rates due to Rutherford scattering, angles below ~  30°. Events were only 
recorded if a light ion was detected in both the AE and E detector. Therefore in this 
experiment data was recorded for angles between ~  32° and 53°.
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Figure 22: Angular coverage of the silicon detectors is determined by choosing the 
desired distance from the target. Typically angles between 30° and 60° are covered.
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3.3 Gamma-Ray Detection
Gamma-ray interaction with matter is different to that of light ions in that far fewer 
interactions occur with a much higher percentage energy loss in each interaction. Whilst 
a “range” could be calculated for light ions in an absorber, such a quantity does not exist 
for 7  rays. Gamma rays interact with matter by three different methods which result in 
deposition of all or a significant fraction of the energy in a single event. These methods 
of interaction are discussed in the following three sub-sections. Finally a sub-section 
on 7 -ray transmission will follow.
3.3.1 Gamma-Ray Interaction
For the range of 7 -ray energies of interest in this work, there are three dominant 
methods of 7 -ray interaction: photoelectric effect, Compton scattering and pair produc­
tion. The probability of interaction by each method is highly dependent upon the energy 
of the 7  ray, E7, and the Z of the absorber. Figure 23 shows how the different reactions 
dominate the 7 -ray reaction probability in different 7 -ray energy regimes.
Photoelectric Absorption Photoelectric absorption is the most probable method of 7 - 
ray interaction at low energy, below ~  0.5 MeV. In this process an incoming photon is 
absorbed and an electron is displaced from the atom. The electron leaves the atom with 
the energy of the incoming photon less the binding energy of the electron (Equation 
31). The probability of interaction via the photoelectric effect is strongly dependent 
upon the Z of the absorber and the energy of the 7  ray and broadly follows Equation 32.
E e = h f  — ^binding (31)
Z 5
Pp.E. oc —^  (32)
Approximately 80 percent of the time the emitted electron originates from the most 
tightly bound if-shell of the atom. Often an X-ray emission will follow as the atom 
rearranges or absorbs another electron to fill the newly created vacancy. The X-ray 
energy is related to the electrons binding energy. Less tightly bound electron displace­
ment would correspond to a lower X-ray energy. Each absorber material has a different
energy at which a sharp increase followed by a drop off occurs and it is related to the 
energy at which a X-electron can first be displaced. This feature is known as the K-  
Edge.
As shown in Figure 23, photoelectric absorption is dominant at low energies and 
drops off sharply as energy increases. Note that photoelectric absorption remains the 
most probable method of interaction to much higher energies in elements of high Z.
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Figure 23: Dominant method of 7 -ray interaction as a function of E7. Dominance is 
dependent upon E7 and the Z of the absorber, [7].
At Z = 20 it begins to lose out to Compton Scattering at just 100 keV whereas as Z 
increases to closer to 80 it remains dominant to closer to ~  500 keV.
Photoelectric absorption is desirable in spectroscopy because the 7  ray deposits all 
of it’s energy in one interaction and it is therefore the method where complete 7 -ray 
energy measurement is most probable.
Compton Scattering Compton scattering refers to an interaction where an incoming 
photon scatters from a loosely bound electron in the atom. The result is a photon of 
lower energy than the incoming photon and an electron which recoils with a kinetic 
energy dependent on the angle of interaction (Figure 24). The scattered photon has en­
ergy corresponding to the incoming photon less the electron’s binding energy and the 
kinetic energy given to the outgoing electron. The scattered photon can then interact 
again with another atom, either within or outside the detector volume. This method is 
not as desirable for spectroscopy due to the possibility of incomplete energy collection 
if the secondary 7  ray leaves the detector volume. It also happens to be the interac­
tion method which dominates across the typical range of energies of interest in nuclear 
spectroscopy experiments, (~  200 keV to ~  8 MeV for Ge, Z = 32).
The energy transferred to the electron, and thus the resultant 7 -ray energy, is depen­
dent upon the angle of interaction as follows in Equation 33.
Where; ra0 refers to the mass the electron, 511 keV/c2. The scattered photon energy 
is smallest when 9 -  180° -» cos(0 ) = -1 .
(33)
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Figure 24: Compton scattering schematic. An incoming photon displaces an electron 
at an angle ÿ and scatters with the remaining kinetic energy at an angle 0. The resultant 
photon may interact again, [7].
The probability of Compton scattering increases for absorbers with higher Z. This 
is due to the increased number of possible electrons to interact with.
The angular distribution of outgoing 7  rays following a Compton scatter event can 
be predicted by the Klein-Nishina formula [7]. Low energy 7  rays (< 100’s keV) are 
reasonably evenly distributed. At higher energies (> 0.5 MeV) forward angles become 
heavily favoured.
Pair Production Pair production is the third major method of 7 -ray interaction and 
can only occur if the incoming photon has an energy of greater than twice the rest mass 
of an electron, 1.022 MeV. Therefore it is only possible at high 7 -ray energies.
In this process an incoming photon is absorbed and results in emission of an electron- 
positron pair. Any energy in excess of 1.022 MeV is shared as kinetic energy between 
the electron and positron. Later the positron will annihilate and produce two photons, 
each of E7 = 511 keV.
The probability of pair production increases rapidly at high 7 -ray energies, (> a few 
MeV). The probability of pair production occurring also increases approximately with 
the square of the absorbing elements atomic number.
Gamma-Ray Transmission Gamma rays are absorbed according to an exponential 
law which is dependent upon an absorption coefficient unique to the absorbing mate­
rial. The absorption coefficient of a material is governed by the probability of a 7 -ray 
interaction occurring and is given by Equation 34. The intensity of a 7  ray (/) follow­
ing passage through a material of thickness L  and absorption coefficient fi, is given by 
Equation 35, where / 0 is the initial 7 -ray intensity. By rearranging this equation, 
gives the 7 -ray transmission.
38
fj, = probphoto +  probCompton +  probpair (34)
I  = I 0e->‘L (35)
3.3.2 Gamma-Ray Detection and Measurement
There are various methods of 7 -ray detection. One method involves the use of 
scintillators. The major problem with scintillators is that they only yield limited energy 
resolution. This is due to both a higher band-gap than semiconductor detectors and 
the fact that a series of inefficient events must occur before the photon is captured and 
energy is measured. Semiconductors have much better energy resolution due to a much 
lower band gap of ~  2 - 3 eV [7].
Semiconductor detectors, like germanium, require that a bias is placed across them. 
A bias is required so that full charge collection can occur. The bias also leads to charge 
collection happening more quickly, giving a faster rise-time. The rise time of the pulse is 
related to the distance being traversed in the germanium by the charge carriers (electrons 
and holes). A larger volume crystal means the electrons and holes must travel further to 
reach the positive and negative electrode, giving a slower rise-time.
The bias is typically on the order of ~  3000 V and is created by having a positive 
electrode in the centre of the crystal and outside being negative. This creates an electric 
field in the detector. When an interaction occurs, by any of the methods described in the 
previous sections, an energetic electron is displaced. This electron is slowed down to 
a stop by interactions with other electrons creating electron-hole pairs. The movement 
of the electron hole pairs through the medium, under the influence of the electric field, 
(electrons toward the positive electrode and holes toward the negative electrode), creates 
a signal which corresponds to the energy of the interaction which took place.
This type of detector has the advantage that it has much better energy resolution 
than a scintillator. There are of course also disadvantages. It is difficult to make crystals 
much larger than ~  200 cm3. This means large numbers of detectors are required to 
achieve high areal coverage. Radiation damage over time can also lead to reduced 
performance. This problem can be solved by annealing the detectors, (heating the Ge 
crystal to ~  100°C), but this comes with associated risks and downtime [69].
Another disadvantage of germanium over scintillators is the requirement to keep 
the germanium crystal “cool”. To reduce thermal induced leakage current, germanium 
crystals must be operated at near liquid nitrogen temperatures, ~  90 kelvin, [7]. Oper­
ated at room temperature production of electron-hole pairs due to thermal noise would 
massively outnumber the production of electron-hole pairs due to a valid interaction. 
This is a problem in Ge because of the low band gap. Scintillators do not suffer the
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same problem because of their higher band gap of ~  50 eV.
There are other problems due to the method of interaction. Between 500 keV and 
5 MeV, Compton scattering is the most probable method of interaction. As discussed 
in Section 3.3.1, only a portion of the full energy of the incoming 7  ray is deposited 
in a single interaction. If multiple scatters occur within the same crystal the separate 
energies can be added together. This is not always the case and leads to incomplete 
charge collection, leading to a large Compton background (see Figure 25).
A method of reducing incomplete charge collection is to surround the Ge crystals 
with Bismuth Germanate (BGO) shielding. BGO shields consist of a number of bis­
muth germanate scintillator detectors which are used to act as a veto for events which 
Compton scatter out of the germanium crystal. If an interaction is measured in the BGO 
detectors in coincidence with an event in the Ge detector, the event is ignored. BGO 
shielding greatly reduces Compton background but suffers from the problem that solid 
angle coverage is taken up by shielding.
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Figure 25: The influence of BGO Compton suppression is shown using a 60Co spec­
trum. The spectrum with the lower background was measured with a Compton suppres­
sion shield. The inset spectrum shows the energy spectrum in full-scale, [8 , 9].
3.3.3 The LIBERACE Array
In this experiment 7  rays were detected in coincidence with particle events using 
an array of five High Purity Germanium Clover detectors. A photograph of a Clover 
detector is shown in Figure 26. Each detector consists four separate Ge crystals in a 
single aluminium canister. The close packed nature of the crystals allows “add-back” to
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be carried out when Compton scatter events occur between crystals in the same detector. 
Add-back is the addition of multiple 7  ray events detected in neighbouring leaves in 
coincidence with each other. In the LIBERACE setup each detector is surrounded by 
its own Compton suppression Bismuth Germanate, BGO, shielding, Figure 27. The 
efficiency of the array is on the order 1%. Typical energy resolution of each crystal is 
2.5 keV full-width-half-maximum (FWHM) at 1 MeV.
Figure 26: Photograph of one of the HPGe Clover detectors.
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3.3.4 Experimental Setup.
The experimental setup is shown in Figures 20 and 27. A schematic circuit diagram 
of the STARS-LIBBRACE electronics is shown in Figure 28. The detector electronics 
feed into logic systems which allow various triggers to be chosen. In this work triggers 
were selected so that events were recorded when either a valid particle was detected 
in coincidence with at least one 7  ray, or at least two 7  rays were detected in different 
germanium detectors in coincidence.
Offline, a specific reaction can be selected by placing a gate on the particle identi­
fication plot. A matrix can then be made of particle energies measured in coincidence 
with 7  rays. As an example, the matrix of triton energies versus 7 -ray energies fol­
lowing the 158Gd(p,t)156Gd reaction is shown in Figure 29. Note some strong 7  rays 
appear in coincidence with a large range of particle energies. These 7  rays correspond 
to transitions within the yrast band in 156Gd.
For events where multiple 7  rays are detected a E7 -E7 matrix is made (Figure 30). 
It should be noted that the 7 - 7  matrix contains much lower statistics than the particle- 
7  coincidence matrix. This is due to the higher detection efficiency of the particle 
detectors.
Figure 27: Photograph of the LIBERACE array. Each HPGe clover detector has its own 
Compton suppression BGO shield.
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Figure 29: The triton- 7  coincidence matrix of the lo8Gd(p,t)lo6Gd reaction. Triton 
energy is on the rr-axis. Coincident 7 -ray energy is on the y-axis.
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Figure 30: The 7 - 7  coincidence matrix of the lo8Gd(p,t)lD6Gd reaction.
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4 Experiment
A 25 MeV (~1.5 enA) proton beam was impinged on various Gd isotope targets and 
the following reactions were studied: 158Gd(p,d)157Gd, 158Gd(p,t)156Gd, 154Gd(p,d)153Gd 
and 154Gd(p,t)152Gd. The (p,pz) reaction was also observed on both targets. A short pe­
riod of time was also spent on targets of 155Gd and 89 Y, see Appendix B. The Gd targets 
were self supporting and were ~  1 mg/cm2 thick. Details concerning the isotopic purity 
of the targets are shown in Table 5.
Particle data were taken using the STARS array, consisting of two silicon “cd” de­
tectors, described in Section 3.2, configured in a AE-E (140 /mi-1000 jum) telescope 
formation. The telescope was placed at forward angles covering Û % 30o-60° with 
respect to the beam axis, see Figures 22, 31.
Coincident 7 -ray data were measured using the LIBERACE array, consisting in this 
case of 5 HPGe Clover detectors. All five detectors were in the plane of the beam line. 
The detectors were placed: two at 90° perpendicular to the target, two at forward angles 
of 140° to the beam and two at backward angles of 40° to the beam.
The master gate trigger required at least one of the following events to occur:
1. A particle in both the AE and E detectors in coincidence with a 7  ray in any 
Clover, or multiple 7  rays in coincidence. 100% of such detected events were 
recorded.
2. A 7 - 7  coincidence event. Two 7  rays collected in different detectors in coinci­
dence. 1 0 0 % of such detected events were recorded.
The Clover detectors were calibrated using three standard 7 -ray calibration sources: 
152E u , 207Bi and 133Ba. The silicon detectors were calibrated using a 226Ra, «-emitting 
source.
A summary of the time spent on each target and the number of events recorded for 
each reaction is shown in table 5.
Table 5: Information concerning the gadolinium targets and the statistics recorded for 
each reaction.
Target 154Gd 155Gd 156Gd 158Gd
Isotopic Purity 66.5% 154Gd 
17.5% 155Gd
92% 94% 92%
Time (hrs) 60 6 72 51
(p,d7 ) events 2 .1  x 1 0 6 2 .0  x 1 0 5 5.0 x 106 2.44 x 106
(p,t7 ) events 6 .0  x 1 0 3 6 .1  x 1 0 4 1 .1  x 1 0 6 7.6 x 105
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Figure 31: Schematic diagram of the experimental setup.
4.1 Data and Experimental Considerations
Various techniques are required in the process of sorting the data off-line. These in­
clude accounting for the beam being “off-axis”, differences in the silicon energy mea­
surements between the ring and sector segmentation, accounting for particles which 
interact in multiple rings in the silicon detectors and accounting for particle energy lost 
in “dead layers” in the silicon detectors.
Particle energy measurement: The outgoing light ion energy was measured by the
addition of the energy measured in the two silicon detectors. The excitation energy of 
the level populated in the residual nucleus, E*, was then calculated using Equation 36
E  ^bearn ^AE -^E T Qvalue dead—layers ^recoil (36)
In this equation, Ebeam is the initial proton beam energy (25 MeV), Eae  is the energy 
deposited in the thin silicon detector, Ee is the energy deposited in the thick silicon 
detector, Qvaiue is the Q-value of the reaction, e\ossdead-layers refers to the calculated 
(small) energy losses of the outgoing light ion in the dead layers of the silicon detectors 
and Erecoii is a kinematic correction made on an event-by-event basis.
47
Ring-Sector energy measurement discrepancies: The double-sided segmented na­
ture of the silicon detectors means that for each particle interaction, two measurements 
of the energy are made, one from the sectors and one from the rings. A decision must be 
made as to which measure is used. The rings typically give a more accurate measure­
ment due to the finer segmentation, but accuracy falls when the light ion interacts with 
multiple rings in the same detector. The sector measurement is simpler in that very few 
multiple segment hits are recorded. In the current work, the average of the two values 
was used, as the measurements were reasonably consistent throughout the experiment.
Multiple ring interactions: Approximately half of the particle interactions in the 
silicon detectors were measured over multiple rings, i.e. they straddle multiple rings at 
the angle they enter the detector. In these cases, an add back procedure was followed 
which sums the two, or three, separate ring energies.
Energy losses: Another problem which must be taken account of, for an accurate
particle energy measurement to be made, is that of energy lost in “dead-layers” in the 
silicon detectors. As shown in Figure 32, the silicon detectors have a “dead-layer” on 
either side of the silicon. On one side this is a 1000 A layer of aluminium and on the 
other a 3000 A layer of gold. The particle of interest loses energy in these layers and this 
energy loss goes unmeasured. Knowing the “dead-layer” thickness and the energy lost 
in the various dead layers, allows this loss to be accounted for on an event by event basis. 
Additionally, a “5-shield” is placed between the target position and the AE detector to 
stop 5-electrons and fission fragments (for actinide experiments) damaging the detector. 
Corrections are also made for the thickness of this “5-shield” and the thickness of the 
target material itself. These corrections typically amount to ~  10 - 100 keV depending 
on the energy of the light ion.
Off-axis beam: One further discrepancy that must be accounted for in the prepara­
tion of the data for analysis is the position of the beam on target. This is particularly 
important when studying particle angles in the silicon telescope and when calculating 
the energy deposited in the dead layers mentioned above. The effects of an off-axis 
beam can be corrected for in both cases off-line providing that the orientation by which 
the beam is off-axis is known.
If required a correction can be made using the sector segmentation of the detector. 
If the beam was central, each sector would see approximately equal number of events. 
The deviation from the central axis can be deduced by non-uniformity of the number of 
events in each sector. This correction was not required in this work.
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Figure 32: The silicon detector dead-layers which must be accounted for are shown. An 
aluminium tunnel is placed through the shaft of the telescope to protect the detectors 
from scattered beam, [6 ].
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Clover detector addback: In a similar way to some light ions straddling multiple
rings in the silicon detectors, some 7  rays interact in multiple segments of the germa­
nium detector. To increase the number of 7 -ray statistics, events which were detected 
in coincidence in neighbouring Clover leaves were added together. This correction had 
a beneficial impact on the peak-to-total of the 7 -ray spectra.
BGO Compton suppression: Each Clover detector was surrounded by its own Comp­
ton suppression bismuth germanate shield. The BGO shields were hard wired in to the 
acquisition system to disregard Clover events where an event was detected in the BGO 
detectors in coincidence. This shielding has the effect of reducing the number of Comp­
ton scattering events where incomplete energy measurement is recorded.
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4.2 Gamma-Ray Detection Efficiency
In order to compare the intensity of detected 7  rays it is important to understand the 
detection efficiency of the LIBERACE array as a function of detected 7 -ray energy. To 
do this the 7 -ray detection efficiency as a function of 7 -ray energy was measured using 
three calibrated 7 -ray sources: 152Eu, 207Bi and 133Ba. These sources were chosen 
because they provide a series of well defined 7 -ray energies which cover a wide energy 
range between ~  50 keV and 2 MeV. It is particularly important to characterize the 
low 7 -ray energy region because this is where the detection efficiency varies most. The 
calibration 7  rays characteristic to each source, and their relative intensities were taken 
from reference [70].
The activities of the sources utilised were measured on 22 October 2007 and are 
listed in Table 6 . The activity on the day of the efficiency calibration measurement, 7 
April 2010, is projected from the activity measured in 2007. The efficiency measure­
ment was made 897 days after the sources were calibrated. The half life of each source 
is known and is also listed in Table 6 . A decay constant for each target is calculated
utilising Equations 37 and 38. The activity on the future date can then be calculated
with Equation 39.
Tmean = (37)
t  =  T m e a n  x 365 x 24 x 60 x 60 (38)
A-today ■^ ■initial X 6 r (39)
From the known activity, the number of decay events expected per second from 
each source can be simply calculated. By adjusting the expected number of decays for 
acquisition live time, listed for each source in Table 6 , the number of decay events which 
are expected to occur during the time period of each run is calculated. The number of 
counts expected in each of the calibration peaks, assuming 1 0 0 % detection efficiency, 
can thus be calculated utilising the information shown in Table 6 . By dividing the 
number of counts detected during the calibration for each 7  ray by the total number of 
counts expected for each 7  ray; a measure of the absolute detection efficiency of the 
LIBERACE array is found at the 7 -ray energies used.
The efficiency at each energy measured is shown in Figure 33. A binomial distri­
bution is fitted to the data and the distribution curve is shown Figure 33. The peak 
efficiency is achieved at 140 keV with 2.91% efficiency. The efficiency at 1 MeV was 
1.19%.
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5 Nuclear Structure Results in 153Gd and 157Gd
The first focus of this thesis is the study of the single-neutron quasi-particle struc­
ture in the even-odd mass gadolinium isotopes 153Gd and 157Gd, populated via the 
154Gd(p,d-7 )153Gd and 158Gd(p,d-7 )157Gd reactions. The (p,d) reaction mechanism se­
lectively populates low-spin “hole states”, both close to and far below the neutron Fermi 
surface. The region of the table of the isotopes upon which we focus is shown in Figure 
34. The (p,d) reactions carried out are signified by red arrows.
The Nilsson diagram for neutron numbers between approximately 50 and 126 is 
shown in Figure 7. The ground state for both of these nuclei is based upon the | - [521] 
orbital which originates from the 2 f% spherical orbital and is designated by a star in 
Figure 7. The neutron pickup reaction employed is expected to populate Nilsson states 
below this surface. Therefore, the states that one would expect to populate intensely are 
the low spin states stemming from the 2 f7/2 and lh 9/2 shells above the N = 82 shell gap 
and up sloping Nilsson orbitals coming from the 2 d3/2, lh ii / 2 and ls i / 2 at the N = 82 
closed shell.
As stated previously, gadolinium nuclei around N = 90 span a region of rapid shape 
change from vibrational to rotational character. There are various signals which show 
that this is a region of changing character. A simple method of plotting nuclear de­
formation is to look at the ratio of the energies of the 4+ and 2+ yrast band states in 
even-even nuclei, the so-called R(fqr) ratio. The R (|J )  ratio plotted for Gd isotopes 
between N = 8 6  to N = 96 is shown in Figure 2. A ratio of close to 2 signifies spherical 
shape, whilst a ratio close to 3.333 represents deformed shape. It is clear from Figure 2 
that in Gd nuclei there is a rapid change in shape, centered around N = 90.
By probing the odd-even nuclei either side of this rapid shape change region, the 
systematics of the single-neutron quasi-particle state evolution as a function of neutron 
number (deformation) can be studied. The spectroscopy of 153Gd and 157Gd in the 
current work builds upon the work of Allmond et a l where the same (p,d) reaction was 
used to carry out a similar study of 155Gd, [3].
A summary of important studies of 153Gd and 157Gd utilising light ion transfer reac­
tions is shown in Table 7. Most of these studies were carried out during the late 1960s 
and early 1970s using magnetic spectrometer studies. More recently these nuclei have 
also been probed by the (n,7 ) reaction. These works will be referred to throughout the 
following few sections.
In the following Section (5.1), the level scheme building and analysis techniques 
utilized to make level assignments will be demonstrated.
The two Sections that follow (5.5 and 5.6) will then focus upon new assignments 
made in 153Gd and 157Gd. These two chapters contain relative population yields of the 
single-neutron quasi-particle states populated by the (p,d) reaction and a summary of
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Table 7: A summary of other key studies of lo3Gd and 157Gd.
Isotope Reaction Author [Ref.] Year
153Gd, 157Gd (d,p),(d,t) RO. Tj0m et a l [39] 1967
153Gd (d,t),(3He,a) G. Lpvhpiden et al. [71] 1973
153Gd (p4) G. L0vh0iden et al. [72] 1973
153Gd (a,n) J. Rekstad et a l [73] 1981
157Gd (P,d) K. Yagi et al. [74] 1969
157Gd (3He,a) G. L0vh0iden et al. [75] 1970
^ 7Gd (d,d') F. Sterba et al. [76] 1971
157Gd (t,p) G. L0vh0iden et al. [77] 1989
157Gd (n,?) J. Kopecky et al. [78] 1993
157Gd (n,T) V. Bondarenko et al. [79] 2003
154Dy 155Dy 156Dy 157Dy 158Dy 159Dy 160Dy 161Dy
153Tb 15/ I PS5l b
156Tb 157Tb 158_r(p
® l b
160Tb
152Gd 153Gd 154Gd 155Gd 156Gd 157Gd 158Gd 159Gd
151Eu 152Eu 153Eu 154Eu 155Eu 156Eu 157Eu 158Eu
Figure 34: Section of the table of isotopes. The reactions studied in this work are shown 
by red arrows.
all newly observed 7  rays and levels in each nucleus.
The final Section in the nuclear structure part of this thesis (5.7), examines these 
results in combination with the work of Allmond et al. and shows the single-neutron 
quasi-particle systematics in the region.
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5.1 Analysis Techniques Used for Structure Studies.
In this section the techniques utilised in the analysis of the nuclear structure results 
in 153Gd and 157Gd, will be demonstrated. This technique combining particle identifi­
cation with coincident 7  ray information is a powerful tool for spectroscopy [3]. The 
technique allows particle spectroscopy of singles quasi-particle states with the resolu­
tion of 7 -ray detection, i.e. a particle measurement made with the silicon detectors 
of resolution ~  200 keV when combined with 7 -ray information can be used to mea­
sure the energy of a directly populated level to zL 0.1 keV (the 7 -ray detection energy 
resolution).
In the following example a level populated in 157Gd following the 158Gd(p,d)157Gd 
reaction will be used. A matrix of deuteron energy (and thus excitation energy in 157Gd) 
versus coincident 7 -ray energy following the 158Gd(p,d)157Gd reaction is created. The 
deuteron energy projection of this matrix is shown in Figure 35. Excitation energy of 
the compound nucleus 157Gd is shown on the x-axis moving from right to left and is 
calculated from the measured deuteron energy as prescribed in Section 4.
At low excitation energies there is a peak in the spectrum which corresponds to a 
cluster of discrete states that are directly populated in 157Gd. A second peak in the 
spectrum, around ~  2 MeV corresponds to a second group of discrete states which 
are also directly populated. At higher excitation energy the density of states begins to 
increase and rather than discrete peaks, a continuum of states is observed. This con­
tinuum continues up to the neutron separation energy at 6.54 MeV. Above the neutron 
separation energy there is a drop off in the number of particles and the (p,dn) reaction 
rapidly begins to dominate over the (p,d) reaction channel. Above this energy almost 
all douterons detected are in coincidence with 7  rays belonging to 156 Gd following the 
158Gd(p,dn)156Gd reaction.
The 7 -ray projection of the deuteron- 7  matrix between 0 and 500 keV is shown in 
Figure 36. As one would expect it contains a plethora of discrete 7  rays of varying 
intensity. Almost all of the 7  rays can be identified in the low lying level structure 
of 157Gd and are signified by a red striped dot. It should be noted that, despite the 
deuteron gate, not all of the 7  rays originate from 157Gd. The 158Gd(p,dn)156Gd reaction 
becomes competitive above the neutron separation energy hence 7  rays from 156Gd 
are also observed and are signified by blue dots in Figure 36. In Figure 37, the 7 - 
ray spectrum is shown with a gate placed on the deuteron energy selecting excitation 
energies below the neutron separation energy. The 7  rays from 156Gd are much less 
prominent in the spectrum.
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Figure 35: Projection of the deuteron- 7  matrix onto the deuteron energy axis follow­
ing the 158Gd(p,d)157Gd reaction. The neutron separation energy is at 6.359 MeV. At 
this point, the 158Gd(p,dn)156Gd reaction begins to compete with the 158Gd(p,d)157Gd 
reaction.
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Figure 36: Projection of the deuteron- 7  matrix onto the 7 -ray energy axis (between 
0 keV and 500 keV) following the 158Gd(p,d)157Gd reaction.
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Figure 37: Projection of the deuteron- 7  matrix onto the 7 -ray energy axis (between 
0 keV and 500 keV) following the 158Gd(p,d)157Gd, gated for deuteron energies below 
the 157Gd neutron separation energy.
5.2 Level Building Techniques Following the (p, d'y) Reaction.
The 158Gd(p,d)157Gd reaction will be used to demonstrate the level scheme building 
techniques,. In this example, a previously unobserved 7  ray at 1391.24 d= 0.06 keV in 
157Gd is investigated. The 1391 keV 7  ray is shown in the 7 -ray projection in Figure
38.
A gate on the 1391 keV transition in the 7 -ray projection, along with a suitable 7 - 
ray background subtraction, returns all deuterons in coincidence and is shown in Figure
39. In this case a single sharp peak is observed. This peak corresponds to direct popu­
lation of a state which the 1391 keV transition depopulates. The centroid of this peak 
corresponds to the excitation energy of the level, in this case 1833 d= 20 keV. Examples 
of levels that are indirectly populated return a quite different spectrum shape and will 
be shown later.
The excitation energy of the level populated and the energy of a 7 -ray decay as­
sociated with this level have been measured. From this information a region at lower 
excitation energy in the nucleus, to which the 7  ray decays, can be inferred (assuming 
this is a primary 7  ray). In this case the region lies between (1833 - 1391) ±  20 keV, 
i.e. at 442 ±20 keV. There are two known levels in this region and a few others nearby 
(see Figure 40).
By deducing which of the lower lying levels the 1391 keV 7  ray decays to, an 
accurate measurement of the parent level can be made by adding the known lower lying
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Figure 38: The 7 -ray energy projection of the 157Gd deuteron- 7  matrix between 1300 
and 1500 keV. This projection shows 7  rays detected in coincidence with deuterons of 
all energies.
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Figure 39: Black: Deuterons measured in coincidence with the 1391 keV 7  ray. Brown: 
Deuteron projection of the deuteron- 7  matrix. The excitation energy from the direct 
population peak is 1833 ±  20 keV.
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Figure 40: Levels in the low-lying level-scheme of lo7Gd which the 1391 keV 7  ray 
could decay to, levels in the region 442 ±  20 keV.
level energy and the measured 7 -ray energy. This gives a measurement of the parent 
level to a much higher accuracy than the particle measurement (1833 ±  20 keV).
One method which can be used to deduce the decay path is to identify whether there 
are other 7  rays decaying from the same parent level at ~  1833 keV. A narrow gate (200 
keV wide) placed upon particles in coincidence with the 1391 keV 7  ray, i.e. the energy 
region of the peak shown in Figure 39, returns all 7  rays measured in coincidence with 
levels in the selected energy region. The returned 7 -ray spectrum is shown in Figure 41. 
Due to the relatively poor particle energy resolution, the 7  rays shown in this spectrum 
do not necessarily decay from the level at ~  1833 keV, they could also be decaying 
from other levels nearby in excitation energy.
The obvious next step is to gate on each of the coincident 7  rays shown in Figure 
41 and see if the returned particle energies demonstrate direct population of a state at 
a similar energy to those deuterons measured in coincidence with the 1391 keV 7  ray. 
For example, the 1301 keV 7  ray is gated on and the returned deuterons are shown in 
Figure 42 in red. Notice that whilst this spectrum has less counts than the 1391 keV gate 
(shown in black) the direct population peak appears to be in the same position which 
suggests that it may correspond to a decay from the same level.
In a similar manner to above, a gate is placed upon each of the 7  rays shown in 
Figure 41. The energy of the direct population peak returned from each gate is shown 
in Figure 43. Four of the selected 7  rays, (1310, 1350, 1391 and 1709 keV), appear to 
originate from approximately the same energy of 1829 ± 21  keV. Similar techniques to
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energy.
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Figure 42: Red: Gate on the 1301 keV 7  ray shows. Black: Gate on the 1391 keV 7  
ray. Brown: Deuteron projection of the deuteron- 7  matrix.
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peak.
those shown in Figure 40 for the 1391 keV transition are used to place these other 7  rays 
in the low lying level scheme. With these multiple decay options, a unique placement 
is possible. The decay scheme for the newly established level is shown in Figure 44.
The energy of the parent level can now be measured much more accurately by taking 
the average of the (7 -ray energy + low lying level energy) values. This gives a level 
energy of 1825.6 ±  0.1 keV. Figure 45 shows this average new level energy and the 
level energy derived from the addition of each 7 -ray energy with its corresponding 
level energy. The figure shows that there is excellent agreement between this new level 
energy and each of the four decays.
There are other tricks that can be utilised when level building using particle- 7  coin­
cidences. One is to look at gates on 7  rays leaving levels in the low-lying level scheme. 
For example, deuterons measured in coincidence with the 371.5 keV 7  ray that decays 
from the 434 keV level are shown below in Figure 46. The gate on the 371 keV 7  ray 
shows two distinct deuteron peaks. The peak at lower excitation energy corresponds to 
direct population of the 434 keV level itself. The centroid of this peak is measured at
418 ±  16 keV. The peak at higher excitation energy corresponds to direct population of
a level that strongly feeds the 434 keV level. This peak has a centroid of 1833 ±  21 keV. 
This second higher lying peak corresponds to the new level measured at 1826 keV and 
demonstrates that the two levels are linked by a 7  decay from the higher lying level to 
the 434 keV level. It should be noted that more events are measured where the 371 keV 
7  ray is in coincidence with the new level, than there are events where the 1391 keV 
7  ray itself is in coincidence with the new level. This is due to the higher detection 
efficiency of the germanium detectors at low 7 -ray energies.
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Figure 44: Decay scheme of the 1825.6 keV level, with four newly observed transitions.
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Figure 47: Gate on the 371 keV 7  ray in the 7 - 7  matrix returns the 1391 keV transition 
in coincidence.
Obviously 7 - 7  coincidences can confirm the placement of transitions if statistics 
allow. Recall that the particle detection efficiency 20 %) is much higher than the 
7 -ray detection efficiency 1 %). Proceeding with the example of the 1391 keV 7  
ray and the 1825 keV level: the 1391 keV 7  ray which decays to the 434 keV level will 
be used. A gate on the 371 keV 7  ray shows clearly a 1391 keV 7  ray in coincidence 
(Figure 47). The other transition observed in coincidence at 212 keV is a decay from 
the | + [400] level at 683 keV to the 434 keV level. Due to limited statistics not all 
transitions can be confirmed with 7 - 7  coincidences in the current work.
Another strength of the particle- 7  coincidence technique is that outgoing particle 
angular distributions can be used to make angular momentum transfer measurements 
which allows spin and parity assignments to be made. For this analysis a cube of par­
ticle energy versus 7 -ray energy versus silicon detector angle is created. By placing a 
gate upon both particle and 7 -ray energy the angular distribution of deuterons which 
populate a chosen state, is returned. The angular resolution comes from the segmenta­
tion of the AE silicon detector. Different angular momentum transfers can be identified 
by different deuteron distributions. Distorted Wave Born Approximation calculations 
were carried out to predict the expected distributions for each possible angular momen­
tum transfer. Details are presented in Section 2.2.3. Angular distributions for AL = 0 - 
5 h transfer for the (p,d) reaction are shown in Figure 48.
By comparing the experimental angular distribution to the calculated distributions, 
an angular momentum transfer value for the new level is measured and the spin and 
parity found. Following on with the test case of the 1391 keV 7  ray decaying from the 
level at 1825.6 keV, the deuteron distribution is shown by the red points in Figure 48.
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When compared with the calculated distributions, it most closely matches a AL = 2 h  
transition.
With this information an assignment for the new level can be made. The fact that
the new 1825.6 keV level has AL = 2 h indicates that it must have a of either | + or
5 +  .
2 •
The J77 of the level can be further constrained by inspection of the 7 -ray transition 
decay scheme. Continuing with the example of the level at 1825 keV; Table 8 sum­
marises the lowest multipole possible (according to the transition rules set out in Sec­
tion 2.2.4) for each of the four transitions decaying from this level under the assumption 
of both a | + assignment and a | + assignment. On initial inspection the assignment of 
the level as | + appears more probable because the multipole order for each transition is 
lower.
Table 8 : The lowest possible multipole assignments for the four transitions in the case 
where the 1825 keV level is assigned | + and the case where it is assigned | +.
7  ray 3+2
5 + 
2
1310 M2 El
1391 El El
1351 Ml Ml
1709 E2 Ml
The assignment is complicated by the fact that in general in this deformed mass 
region, E l transition strengths are hindered [80, 81] and E2 transition strengths are en­
hanced [82]. According to the Weisskopf single particle estimates, an E l transition (E7 
~  1.3 MeV) would be expected to be on the order 107 stronger than an M2 transition, 
[83, 2]. An estimate of the E l hindrance factor, F, in this region is, 103 <  F <  106 
[80, 81]. After accounting for the El hindrance factor the E1/M2 transition strength ra­
tio would be expected to be on the order 101 - 104. Therefore M2 transitions are much 
more competitive than they first appear.
In this example, due to the fact several transitions are observed the intensity of these 
transitions can be used to make an informed decision. The intensity of the four decays, 
measured relative to the (most intense) 1391 keV transition, are: 1391 - 100%, 1310 - 
37%, 1351 -10% and 1709 - 9%.
Upon inspection of Table 8 , the transition at 1350 keV is most likely an M l tran­
sition regardless of the spin and parity assignment of the 1825 keV level. That this 
transition is less intense than both the 1310 and 1391 keV transitions strongly suggests 
that these are E l transitions. M2 transitions would be unlikely to compete and be more 
intense than the faster M l transition. Based upon this logic and similar arguments, the 
level can be assigned V  of | +.
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In the following section this level and other levels observed using similar techniques 
will be assigned single-neutron quasi-particle structures.
5.3 Particle- 7  Correlation Limitations
There are also limitations to these methods. The case of the 474 keV | + [402] level 
will be taken as an example. This level is one of the most intensely populated levels 
in 157Gd by the (p,d) reaction, but an accurate measure of this level cannot be made, 
because it is fed strongly by a level close by (also strongly populated), the 683 keV 
| + [400], which decays by a 208 keV 7  ray. Figure 49 shows a gate on the 208 keV 
7  ray, showing direct population of the 683 keV level and a gate on the 410 keV 7  
ray decaying from the 474 keV level. Note how “fat” the 410 keV gate looks as it 
shows coincidences with both levels. The 208 keV gate shows a much “thinner” peak 
corresponding to direct population of a single level, the 683 keV level.
The method is also limited by statistics. A larger array of Clover detectors would 
benefit the particle- 7  event collection and strongly enhance the particle-7 - 7  statistics. 
Greater silicon detector angular coverage would allow a wider range over which to fit 
light ion angular distributions.
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5.4 Nuclear Structure Results in 153Gd and 157Gd.
The following sections summarise all newly observed information pertaining to 153Gd 
and 157Gd. Each Section contains a level scheme showing the newly observed levels 
and 7  rays in the nucleus, a table showing the population yields of all states populated 
(relative to the most intensely populated state) and a second table showing all newly 
observed levels and 7 -ray decays. The key results in each section are separated into 
subsections for each level of interest.
5.5 154Gd(p,d-7 )153Gd
Data was collected on a 154Gd target for ~  60 hours. Over this period, 2.1 x 106 
deuteron- 7  events and 2.35 x 105 deuteron-7 - 7  events were recorded. The analysis of 
the 154Gd target is slightly complicated because the target was not pure 154Gd, rather 
~  67% 154Gd, and ~  18% 155Gd. The combination of particle and 7 -ray detection 
provides a selectivity which isolates the nucleus of interest, 153Gd, and thus the target 
contaminants were overall not a big issue.
The low lying level scheme of 153Gd is shown in Figure 50. Levels are labelled by 
their spins, parities and excitation energies and have been separated according to their 
assigned quasiparticle structure. As is also the case for 157Gd (see Section 5.6), the 
majority of the single particle structures have previously been established by a number 
of transfer reaction studies mostly dating from the 1970s and 1980s. The current study 
is in agreement with the low lying level scheme established in the literature based upon 
these studies.
Relative population yields of all levels populated by the (p,d) reaction are shown in 
Table 9. Cross-sections are expressed relative to the | + | +[402] which is given crreZ = 
100%.
A summary of the new 7  rays and levels observed in 153Gd is shown in Table 10. 
Spin and parities are assigned for three levels and twelve new 7  rays have been observed 
in 153Gd.
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Table 9: Relative population yields of states populated by the 154Gd(p,d)153Gd reaction. 
Yields are shown relative to the most strongly populated state, the | +[402] band head 
at 212 keV. Several other states, not directly populated by the reaction, are shown for 
completeness. These states do not have a arei value. Data which is taken from the 
Nuclear Data Sheets, [10], is signified by °. Values based upon a combination of present 
data and the Nuclear Data Sheets, [10], are signified by \  see text.
E* (keV) &rel J ” Modified
0 .0 r  §-[521] “
41.5566(4) a T  11521]"
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5.5.1 1153 keV Level.
Perhaps the result of most interest from the 153Gd data is a level observed at 1152.9 
± 0 .1  keV with six associated 7  ray decays. The most intense 7  ray observed, 941 
keV decaying to the | + | + [402] at 212 keV, is confirmed in the 7 - 7  coincidence data. 
The deuteron energy spectrum in coincidence with this 7  ray is shown in Figure 52 a). 
The direct population peak corresponds to a level energy of 1190 ±  20 keV. The 7 -ray 
spectrum in coincidence with this excitation energy region is shown in Figure 52 c). 
Five of the other 7  rays observed in this spectrum are associated with the same level; 
primarily due to the direct population peak measured for each 7  ray. The six decays fit 
uniquely into the low lying level scheme as shown in Figure 52 d) and in Table 10 and 
establish the excitation energy of the state as 1152.9 ±0 .1  keV. The other five decays 
feed states of iP: |~  (the ground state), | +, | +, | + and | - .
The angular distribution of the deuterons which populate the 1153 keV state (gated 
by a coincidence with the 941 keV transition) is shown in Figure 52 b). The distribu­
tion most closely resembles an angular momentum transfer of AL = 2 h implying a 
spin/parity of either | + or | + .
A level at approximately this energy was previously observed in two other studies, 
both utilising the (d,t) reaction. Lpvhpiden et al. [71] observed a state at 1151 keV 
and reported an angular momentum transfer of AL = 2 or 3 ft. That state was the most 
strongly populated state above 1 MeV excitation energy. In the study by Tj0 m et a l 
[39] a level at 1151 keV was assigned as the | ” [521]. This assignment is ruled out 
in this work due to the measured angular momentum transfer in the current study only 
allowing a spin of | + or | + .
The combination of the decay paths observed for the state and the measured angular 
momentum transfer allows the assignment of this state as the | + | +[402]. The decay 
path is analogous to the decay path of the | + | +[402] state in 155Gd [3]. The decay 
schemes for these two states are shown in Figure 51. In both cases the strongest decay 
is to the | +[402]. The observed population yield for the level is also in good agreement 
with the relative population yield observed for the analogue state in 155Gd [3], i.e. the 
highest cross-section above 1 MeV.
5.5.2 1474 keV Level.
A state is observed at 1474.3 ±  0.4 keV with three associated 7  rays. The deuterons 
in coincidence with the newly observed 1379 keV 7  ray are shown in Figure 53 a). The 
excitation energy of this direct population peak gives a level energy of 1490 ±  20 keV. 
The 7  rays observed in coincidence with this direct population peak are shown in Figure 
53 c). Three of these 7  rays can be associated with this level and fit into the low lying 
level scheme establishing the level at 1474.3 ±  0.4 keV. These decays are to states of
74
3) 153Qd b) 155G d
.5/2+1296 keV5/2+1153 keV
3CD CDCO 3/2+ ^  
1/2+ [400]3/2+ 1/2+ [400] 5/2+
5/2+ Z  
3/2+ [402]
3/2- [532] v
3 /2+ , r
5/2+
3/2+ [651]
5/2-
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3/2- [532]
3/2- [521]3/2- [521]
Figure 51: a) Decay scheme for the 1153 keV | + | +[402] candidate in 153Gd. b) Decay 
scheme for the analogue | + | +[402] level in 155Gd.
spin | +, y  and y +. The decay scheme for this level is shown in Figure 53 d).
A level was observed at 1474 keV in a study using the (d,t) and (3He,a) reactions 
carried out by L0 vh0 iden et al. [71]. The level was observed with much higher inten­
sity following the (3He,a) reaction than either the (d,t) reaction or in this work which 
suggests a high angular momentum transfer. An angular momentum transfer of AL = 
5 h was assigned. On the basis of this high angular momentum transfer the state was 
tentatively assigned the y -  | _ [514].
In this experiment the angular momentum transferred when populating the 1474 
keV level is not uniquely identifiable due to low statistics although AL = 0, 1 or 4 ft 
transfers can be ruled out. In Figure 53 b) the data is shown by the red points and is 
compared to the DWBA curve for AL = 5 ft transfer. It is in reasonable agreement. 
Due to the distinct AL = 5 ft angular momentum transfer of Lpvhpiden et al. [71] and 
the 7  ray decays observed in this work we associate the level with the one observed by 
L0 vh0 iden and confirm the y  [514] assignment of this level.
The reasonably intense population of this level in 153Gd is also in agreement with 
the relatively high population intensity of the analogue state in both 155Gd and 157Gd.
5.5.3 1509 keV Level.
A level is observed at 1509.5 d= 0.3 keV with three associated 7  rays. The deuterons 
measured in coincidence with the most intense transition, 1416 keV, are shown in Figure 
54 a) and give an excitation energy for the state of 1530 dh 22 keV. The 7  rays observed 
in coincidence with this energy region are shown in Figure 54 c). Three of these 7  rays, 
labelled by red dots, fit into the low lying level scheme with excellent agreement and 
decay to states of spin | +, |  and |  . The decay scheme for this level is shown in 
Figure 54 d).
The angular distribution of outgoing deuterons is again not uniquely identifiable,
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Figure 52: a) Deuterons measured in coincidence with the 941 keV 7  ray. b) Angular 
distribution of deuterons measured in coincidence with the 1153 keV level and 941 
keV 7  rays, c) Gamma rays in coincidence with deuterons corresponding to excitation 
energies of 1150 keV ±  100 keV. d) Schematic level scheme showing decays from the 
1153 keV level.
although AL = 0, 1 and 4 h transfers can again be ruled out.
The levels that are decayed to suggest that the 1509 keV level has a spin/parity of 
either; §+, | _ or §~.
In Lpvhpidens (d,t) study of lo3Gd [71], a state at 1510 keV is assigned as the | + 
| +[404] based upon an angular momentum transfer measurement of either AL = 3 or 4 
h. The I [404] assignment was made because of the possible AL = 4 h. Previously 
Tj0 m et a l assigned a level at 1287 keV as the ^+[404]. Lpvhpiden questioned this 
assignment due to the level being observed by Tj0 m et al. on the shoulder of the elastic 
deuteron peak.
The angular distribution in the present study is inconsistent with AL = 0,1 or 4 A 
We assign this level AL = 3 ft as this is the only consistent L-transfer value between
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Figure 53: a) Deuterons measured in coincidence with the 1379 keV 7  ray. b) Angular 
distribution of deuterons measured in coincidence with the 1474 keV level and 1379 
keV 7  rays, c) Gamma rays in coincidence with deuterons corresponding to excitation 
energies of 1474 keV ± 100  keV. d) Schematic level scheme showing decays from the 
1474 keV level.
this work and the work of Lpvhpiden. This angular momentum transfer supports an 
assignment of |  and |  for this level.
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Figure 54: a) Deuterons measured in coincidence with the 1467 keV 7  ray. b) Angular 
distribution of deuterons measured in coincidence with the 1509 keV level and 1467 
keV 7  rays, c) Gamma rays in coincidence with deuterons corresponding to excitation 
energies of 1509 keV ±  100 keV. d) Schematic level scheme showing decays from the 
1509 keV level.
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5.6 158Gd(p,d-7)157Gd
The proton beam was impinged upon a target of 158Gd for ~  51 hours. In this pe­
riod, 2.44 x 106 deuteron- 7  events and 2.55 x 105 deuteron-7 - 7  events were recorded 
following the 158Gd(p,d)157Gd reaction. A summary of the states populated in 157Gd 
is shown in Table 11. Relative population yields are expressed relative to the most 
strongly populated state, the | + | +[400], which is given arei = 100%. Single-neutron 
quasi-particle assignments are also shown in Table 11.
A summary of the newly observed 7  rays and levels in 157Gd is provided in Table 
12. Whilst some of these seven levels may have been previously observed, all twenty 
three 7 -ray transitions are new.
The low lying level scheme of 157Gd is presented in Figure 55. Levels are labelled 
by their spins, parities and excitation energies and have been separated according to 
their assigned quasiparticle structure. These structures have been primarily established 
based upon several light ion transfer reaction studies, including (d,p) and (d,t) by Tj0 m 
and Elbek [39], (3He,a) by L0 vh0 iden et al. [75], (p,d) by Yagi et al. [74] and two 
(n,7 ) studies by Kopecky et al. [78] and Bondarenko et al. [79]. This work finds good 
agreement with most of the low lying level scheme established in the literature based 
upon these studies. Levels which are newly assigned or about which new information 
is found in this work are signified by a red dashed line.
In the following sections the new results in 157Gd will be presented. Four states 
are observed between 1.5 and 1.85 MeV which have an angular momentum transfer of 
AL = 2 h. Due the the AL = 2 h strength being spread between several states, it is 
difficult to make single particle assignments for these states with any conviction.
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Table 11: Relative population yields for states populated by the 158Gd(p,d)157Gd reac­
tion are shown relative to the state with the highest yield, the | + | +[400] at 682.9 keV. 
Several states of interest, which are not directly populated, are shown for completeness 
and are signified by not having a arei value. Data taken from the Nuclear Data Sheets, 
[10], is signified °. Values based upon a combination of this work and the Nuclear Data 
Sheets, [10], are signified \  see text.
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5.6.1 AL = 2 h Levels.
5.6.2 1552 keV Level.
Three new 7  rays are observed decaying from a level at E* = 1548 ±  24 keV. The 
deuterons in coincidence with the strongest, 1420 keV, are shown in Figure 56 a). The 
excitation energy derived from the addition of the low lying level energies and 7 -ray 
energies is E* = 1552.2 ±  0.2 keV. The angular distribution of the deuterons most 
closely resembles an angular momentum transfer of AL = 2h . Figure 56 b). Therefore 
the of this level is | + or | +.
Three 7  rays are observed which decay to the |~  and members of the 
I""[521] ground state band. These 7  rays are shown in Figure 56 b). A decay from 
a | + state to a |  state would require an M2 transition and is not probable, therefore a 
| + assignment is made.
This is probably the same level weakly observed in the (d,t) study by Tjpm et al.
[39] at 1556 zh 5 keV . No further details were provided. The (n,7 ) study by Kopecky et 
a l, [78], observe a state at 1551.68 keV. A J" of | + or | + was adopted in the literature 
based upon the multipolarity of the primary 7 -ray observed in this study.
5.6.3 1563 keV Level.
A second level with three 7 -ray transitions to the three lowest lying levels in the 
ground state band is observed at an excitation energy of 1563.1 =b 0.6 keV. This level 
is observed with ~  |  of the intensity of the nearby 1552 keV state. Indeed this is 
in agreement with the study by Tjpm et al. [39], whom, utilizing the (d,t) reaction 
observed a state at 1569 ±  5 keV populated with a cross section approximately |  of 
that of a state observed at 1556 d= 5 keV.
Due to the low statistics, it is not possible to extract an angular momentum transfer 
from the deuteron angular distribution for this level. Based upon the observed 7 -ray 
transitions, the state is likely to have J" of | - , |~ ,  | + or Due to the proximity 
of the | + level at 1552 keV, it is unlikely that this state is of the same spin and parity, 
[84, 85].
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Figure 56: a) Douterons measured in coincidence with the 1420 keV 7  ray. b) Angular 
distribution of douterons measured in coincidence with the 1552 keV level and 1420 
keV 7  ray (red points) and the DWBA curve for AL = 2 h transfer, c) Gamma rays 
in coincidence with douterons corresponding to excitation energies of 1550 keV ±  100 
keV. d) Schematic level scheme showing decays from the 1552 and 1563 keV levels.
85
5.6.4 1589 keV Level.
A level is observed at 1589.8 d= 0.2 keV with 3 associated 7  rays, two of which are 
confirmed in the 7 - 7  coincidence data (see Table 12). The deuteron peak in coincidence 
with the 1115 keV 7  ray is shown in Figure 57 a). The three 7  rays which decay from 
this level are shown in Figure 57 c). These decays are to states of J77; | +, | + and | _ , 
Figure 57 d).
The angular distribution of the deuterons which populate this level indicates an an­
gular momentum transfer of AL = 2 h, Figure 57 b). This allows an assignment of 
either J77; | + or | +.
Several other studies report a level at ~  1590 keV. The study by Yagi et al. [74], also 
employing the (p,d) reaction, observes a level at 1600 ±  20 keV with AL = 2 ft. In the 
study by Tj0 m et al. [39], a level is observed at 1589 ±  5 keV by the (d,t) reaction with 
no further details. Two neutron capture studies also place a state close to this energy 
[79, 78]. Both studies observe a single 7 -ray decay to the ground state. This decay is 
not observed in the current work.
Based upon the measured angular momentum transfer and the observed 7 -ray tran­
sitions it is not possible to distinguish between a | + or | + assignment. This state has a 
decay path (Figure 59 a) which is analogous to the decay path of the | + | +[402] state in 
155Gd (Figure 59 b), also populated utilizing the (p,d) reaction, Allmond et al. [3]. The 
measured cross section is somewhat smaller than expected when compared with the rel­
ative cross section of the | +[402] state measured in 155Gd. This reduced cross section 
can perhaps be explained by the close proximity of three other | + states competing for 
the AL = 2 ft strength in this isotope.
Due to the proximity of several other AL = 2 ft levels it is difficult to make quasi­
particle assignments for these levels and we refrain from confirming this level as the | + 
! +[402],
5.6.5 1735 keV Level.
Another level with three newly associated 7 -ray transitions is observed at E* = 
1735.6 ±  0.2 keV. The deuterons measured in coincidence with the 1301 keV 7  ray 
which decays to the | _ | _ [523] level are shown in Figure 58 a). This transition is 
confirmed by d — 7  — 7  coincidence. The level also decays to the I " [523] and | + 
| +[400] states, Figure 58 d).
A level at 1738 ±  5 keV was previously observed by the (d,t) reaction by Tjpm et 
al. [39]. No further information was provided. This level was not observed in the (p,d) 
study of Yagi et a l, this is probably because it has a lower population cross-section than 
the other levels which Yagi did observe above 1 MeV.
In this work, the deuteron angular distribution is best matched by angular momen-
86
Excitation Energy (MeV) Angle (degrees)
1 1 1 0 9  8 7 6 5 4 3 2 1 0 3 0  3 5  4 0  4 5  5 0  5 5
1000 1 1 0 0  1 2 0 0  1 3 0 0
G a m m a  ray e n e r g y  (keV)
1 4 0 0
5 8 9 .8  keV
LO
LO
CD LO
CDO
5/2+_
3/2+
5/2- V
5 /2 -[5 2 3 ]
3 /2 + [4 0 2 ]
d)
Figure 57: a) Deuterons measured in coincidence with the 1115 keV 7  ray. b) Angular 
distribution of deuterons measured in coincidence with the 1589 keV level and 1115 
keV 7  ray (red points) and the DWBA curve for AL = 2 h transfer, c) Gamma rays 
in coincidence with deuterons corresponding to excitation energies of 1590 keV ±  100 
keV. d) Schematic level scheme showing decays from the 1589 keV level.
turn transfer of AL = 2 h, Figure 58 b). From this information the spin of the level is 
determined to have JF = | + or | +. A transition from a | + level to a level is unlikely 
because it would require an M2 decay, therefore this level is assigned V  = | +.
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Figure 58: a) Deuterons measured in coincidence with the 1301 keV 7  ray. b) Angular 
distribution of deuterons measured in coincidence with the 1735 keV level and 1301 
keV 7  ray (red points) and the DWBA curve for AL = 2 h transfer, c) Gamma rays 
in coincidence with deuterons corresponding to excitation energies of 1735 keV ±  100 
keV. d) Schematic level scheme showing decays from the 1735 keV level.
5.6.6 1825 keV Level.
The largest cross section level above 1 MeV is observed at E* = 1825.6 ±  0.1 keV, 
with a relative cross-section of arei = 14.3%. Four 7  rays are observed decaying from 
this level. The 1391 keV 7  ray decays to the |~  |~[523] level at 434 keV and is 
confirmed in the 7 - 7  coincidence data. The level also decays to a | +, a | + and a 
levels. The angular distribution of the deuterons which populate the state is shown in 
Figure 48 and a transfer of AL = 2 h is  measured. Spectra pertaining tot his level are 
described in detail in Section 5.1.
Tj0 m et al. [39], observed a level at 1825 d= 5 keV, populated by the 158Gd(d,t)157Gd 
reaction. Based on an observed angular momentum transfer of AL = 4 h they label this 
state the | +[404] and noted that the absolute intensity of this state was larger than 
expected. The 1971 study by Lpvhpiden et a l, [75], also cite an angular momentum 
transfer of AL = 4 h whilst noting that it was not possible to distinguish between 
AL = 4 h and AL = 2 h transfers. The 1969 study by Yagi et al. [74], utilizing the 
158Gd(p,d)157Gd reaction (as is used in the current work) reports a state at 1840 ±  20 
keV with an observed L-transfer of AL = 2 h.
The strong angular momentum distribution measured here and the associated 7 - 
ray decays allow us to reassign this level as V  = | +. Indeed this reassignment is in 
agreement with Allmond et al. [3] and Blasi et al. [42] who have reported similar mis- 
assignments of | + states in the region.
As mentioned previously, it is difficult to distinguish between several AL = 2 h 
levels populated in this work.
a) 157Gd
5/2+1589 keV
m
LO
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o
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Figure 59: a) Decay scheme for the 1589 keV level in 157Gd. b) Decay scheme for the 
1825 keV level in 157Gd.
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5.6.7 Several Higher Spin Levels.
5.6.8 849 keV Level.
A new 7  ray of energy 488.23 keV is observed. The deuterons recorded in coinci­
dence with this 7  ray are shown in Figure 60 a). The energy of the state deduced from 
the direct population peak is E*d = 867 ± 2 1  keV. The 488 keV 7  ray is in coincidence 
with the 181 keV 7  ray which decays from the y + | +[642] at 361 keV. The gate on the 
181 keV 7  ray is shown in Figure 60 b). The level energy derived from the addition of 
the lower level energy and the 7 -ray energy is E* = 849.3 ±  0.2 keV.
There are not enough statistics to make a measurement of the deuteron angular 
distribution, although transfers of AL = 0, 1 and 4 h can be ruled out. This level has a 
low population cross section, just 3.8%. This is in agreement with the study by Tjpm et 
al. [39], who observed a weakly populated state at 850 ±  3 keV.
Lpvhpiden et al. [75] also observe a state at ~  850 keV with a measured angular 
momentum transfer of AL = 6  ft. In their study the (3He,a) reaction mechanism is used 
and correspondingly, they populate the state with a much higher cross-section than in 
the current work or the work of Tj0 m et al. The combination of this AL = 6  ft transfer 
measurement and the observed decay to the y + state in the current work suggest this 
state is a high-spin state. There are two unaccounted for single neutron particle states 
which one would expect to populate at high spins around this excitation energy, the y + 
i +[660] and f + §+[651].
5.6.9 1905 keV Level.
A new 1326.62 ± 0 . 1 9  keV 7  ray is observed with a coincident deuteron peak 
corresponding to an excitation energy of EJ = 1912 ±  25 keV, Figure 61 a). The 1326.62 
keV 7  ray is observed in coincidence with a 7  ray of energy 152.86 keV which decays 
from a level at 579.46 keV, [11]. Five other 7  rays are observed decaying from the level 
at 1905 keV, Figure 61 b). These 7  rays decay to, in order of E7, the y -  y  "[505], the 
f + f +[642], the Ü.+ | +[642], the | "  §- [521] and the | + | +[642] states.
The six 7  rays fit into the low-lying level scheme in one unique way, Figure 61 
c). The addition of the measured 7 -ray energies and the known low-lying level energies 
give an excitation energy for the level of E* = 1905.9 ±  0.4 keV. The angular momentum 
transfer is not discernible from the deuteron distribution due to low statistics.
A level was previously observed at 1902 ± 1 5  keV by L0 vh0 iden et a l, [75]. 
Lpvhpiden assigned the level as the y  |  [514] structure based upon an angular mo­
mentum transfer of AL = 5 ft. Similarly to the 849 keV level, this level was populated 
much more intensely in Lpvhpidens study than in this work. This increased cross- 
section is due to the (3He,a) reaction mechanism which was used. The level observed
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in the current work is probably the same level. The six 7-ray transitions observed here 
strongly support the previous y -  | _ [514] assignment.
5.6.10 579 keV Level.
The 1326.62 keV 7 ray, decaying from the 1905.9 keV state discussed above, decays 
to a level at 579.46 keV. This level was previously observed in a study utilising the (n,7) 
reaction by Bondarenko et a l  [79]. It was tentatively assigned the y -  y _ [505], due 
to a single 7 ray (153 keV) decaying to the y ~  member of the y  ""[505] band. In the 
current work, a gate on the 153 keV 7 ray returns deuterons which correspond to an 
excitation energy of = 600 ± 2 1  keV.
The 426 keV band head is an isomeric state (X1/2 = 18 iisec, [8 6 ]) so the 153 keV 7- 
ray transition cannot be confirmed by 7-7 coincidences. The 153 keV 7 ray leaving the 
state is observed in coincidence with the 1326 keV decay from the y _ state at 1905.9 
keV. The results found in the current work appear to confirm the position of the 153 
keV decay in the level scheme and confirm the y -  y  "[505] assignment.
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Figure 60: a) Deuterons measured in coincidence with the 488 keV 7  ray. b) Gamma- 
gamma data showing the 7  rays in coincidence with the known 7 -ray decay of 181 keV. 
c) Schematic level scheme shows the decay from the 849 keV level.
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Figure 61: a) Deuterons measured in coincidence with the 1326 keV 7  ray. b) Gamma 
rays in coincidence with deuterons corresponding to excitation energies of 1905 keV ±  
100 keV. c) Schematic level scheme showing decays from the 1905 keV level.
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5.6.11 Several Previous Mis-Assignments.
5.6.12 Levels at 682.90 and 683.233
the i'[400 ] at 682.90 keV and the | T[651] at 683.233 keV. The | +[400] state
Two levels are listed in the data sheets which are very close in excitation energy; 
! + +[400 §+ 3+1 
is the most intensely populated state in this work (crre; = 100%). Both 7  rays which 
are associated with the | +[400] state are observed (208 keV and 683 keV). One 7  ray 
previously associated with the f +[651] state is observed with high intensity, 619 keV. 
The | +[651] state is not expected to be populated with measurable intensity.
The angular distribution of outgoing deuterons in coincidence with population of 
the i +[400] state and the 208 keV 7  ray is best characterized by AL = 0, 1, 4 as 
would be expected for a | + level (AL = 0 h). The angular distribution of deuterons in 
coincidence with the 619 keV 7  ray and the | +[651] state is also best characterized by 
AL = 0,1,4 h. Figure 62 b). For a state of spin and parity | +, the angular distribution 
would be best characterized by AL = 2 h. We reassign and associate the entire strength 
of the 619 keV 7  ray with the 682.90 keV state. This makes the | +[400] level the most 
heavily populated state in the current work and relative cross section measurements 
given are quoted relative to this state.
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Figure 62: a) Angular distributions of deuterons in coincidence with the 729 keV level, 
b) Angular distributions of deuterons in coincidence with the 619 keV 7  ray. c) A sum­
mary of the calculated curves. Curves corresponding to angular momentum transfers of 
AL = 0 h through AL = 5 ft are shown.
5.6.13 729 keV Level.
A previously observed state at 729.02 keV is measured with a strong relative popu­
lation intensity of 13.4%. The angular distribution of the outgoing deuterons is shown 
in Figure 62 a) and is best characterized by an angular momentum transfer of AL = 
0,1 or 4 ft. Two 7 -ray transitions are observed; 729 keV to the |  ground state and 
674 keV to the § of the same band. A third 7  ray is associated with this state in the 
Nuclear Data Sheets [11], of E7 = 614 keV. This third transitions placement in the level
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scheme would require an M2 decay and it is not observed in this work. It may have 
been erroneously placed.
The (p,d) study of Yagi et al. mentions two states at 0.7 ±  0.02 MeV, [74]. The 
first is the | + | +[400] at 682.9 keV discussed above. The second state has an angular 
momentum transfer of AL =1 h and is probably the 729 keV level. Two neutron capture 
studies assign this state = |~  [78, 79]. The study by Bondarenko et a l observe both 
the 674 keV and 729 keV 7  rays.
Bondarenko et al. assign this state, |  |  [521]. The fact that this state is so strongly 
populated in this work makes this assignment unlikely as it would be expected to be 
above the Fermi surface and the (p,d) reaction mechanism strongly favors the population 
of states below the Fermi surface.
On the basis of the §~ assignment and an excitation energy of 729 keV this state is 
assigned as the § [532]. This state is expected at a lower excitation energy than the 
! _ [530] state which is observed at 809 keV. This assignment rules out the adopted 
assignment of Bondarenko et al. who assign the |~  | _ [532] at 763 keV. This state is 
not observed in the current work.
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5.7 Summary and Discussions of Structure Results and Systemat- 
ics.
The (p,d) one neutron transfer reaction is a highly selective reaction which populates 
hole states below the neutron Fermi surface. A comprehensive study of the neutron 
hole states populated in 153Gd and 157Gd by the (p,d) reaction has been carried out. 
The majority of the known low-lying low-spin level structure of both nuclei has been 
confirmed. Several single particle assignments are made and numerous new 7 -ray tran­
sitions are observed for the first time in both nuclei. These results have been prepared 
for publication (see Appendix C).
Of particular interest is the reassignment of the | +[402] band head in 153Gd. This 
reassignment is analogous to the reassignments made by Allmond et al. in 155Gd [3] 
and Blasi et al. in 153Sm [42] where AL = 4 ft levels have previously been mis-assigned. 
In 157Gd a similar assignment is much less clear. Four different levels were observed 
above 1 MeV with an angular momentum transfer of AL = 2 ft and they are difficult to 
distinguish between experimentally.
Upon inspection of the decay schemes of the | +[402] candidates in 153Gd and 155Gd 
there is quite a distinct decay pattern, including strong decays to other positive parity 
bands, and in particular, the | +[402] band, see Figure 51. In 157Gd the level populated 
with AL = 2 ft transfer which has the most similar decay scheme is the level at 1589 keV, 
see Figure 59. Another signature of the | +[402] orbital in 153Gd and 155Gd is that it has 
the highest AL = 2 ft cross-section above 1 MeV. In 157Gd the level at 1825 keV meets 
this criteria, but it has a very different decay scheme, with the most intense transition to 
the | _ [523] band head. This decay, 1391 keV, is confirmed by a 7 - 7  coincidence with 
the 371 keV transition decaying from the |  [523]. Without further in depth theoretical 
calculations it would be very difficult to make an assignment of the | +[402] in 157Gd.
In 157Gd several states previously assigned in thermal neutron studies have been 
reassigned, including, the 729 keV state which was observed with a high relative cross- 
section of 13.4%. The 619 keV 7  ray, previously assigned to the 683.2 keV | + | +[651] 
is reassigned to the 682.9 keV \ + | +[400] state. This makes the | + | +[400] state the 
most highly populated in 157Gd via the (p,d) mechanism.
In Figure 63, population yield systematics of levels intensely populated in the three 
Gd isotopes are shown (including the data for 155Gd from reference [3]). The | +[400] 
and | +[402] levels are the most intensely populated in all three nuclei. The majority of 
the population of negative parity states goes into the | _ | _ [530] in all three nuclei. In 
153Gd the I ""[523] orbital is also populated with a significant cross-section. This orbital 
is observed at much higher excitation energy in 155Gd and 157Gd and sees next to no 
direct population.
The excitation energy of the Nilsson band head energies in 153Gd, 155Gd and 157Gd
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Figure 63: Population yields for the four most intensely populated Nilsson orbitals in 
153Gd, l00Gd and lo7Gd are shown.
is provided in Table 13. States which are directly populated in this work are shown in 
bold and are complemented by data taken from reference [3] for 100Gd. The spherical 
shell model orbital which each Nilsson level is built upon is also given in Table 13.
Levels directly populated by the (p,d) reaction in lo3Gd, 15oGd and lD7Gd are plotted 
in Figure 64. Moving from the lighter to the heavier nucleus, the average excitation 
energy increases. Notably there is large gap in the level scheme for each nucleus with 
an intense cluster of levels at low excitation energies below the gap and a second cluster 
of levels above the gap. This energy gap moves up in E* with increasing mass but 
remains ~  600 - 700 keV wide.
Upon inspection of Table 13 and the Nilsson diagram shown in Figure 7, it is appar­
ent that most of the levels observed at low energy are those which are expected close to 
the Fermi surface. These orbitals typically stem from spherical shells above the N = 64 
sub-shell closure. With the exception of the y  |  [514], all of the levels observed and 
assigned, which are in the higher excitation energy group of states, stem from spherical 
shell orbitals below the N = 64 shell gap.
This large separation in the level schemes is also reflected in the shape of the 
deuteron energy spectra for the three reactions. Figure 65. In each spectrum there is 
a large “peak” at low excitation energies. This peak corresponds to the cluster of levels 
at low excitation energies in the level schemes, recall the silicon energy resolution is 
not able to separate these levels. At slightly higher excitation energy, closer to 1.5 MeV, 
a second peak is apparent in each spectrum. This peak corresponds to direct population 
of the higher lying cluster of levels apparent in the level schemes.
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Table 13: Nilsson band head energies in 153Gd, 155Gd and 157Gd.
Shell E* 153Gd E* 155Gd E* 157Gd
#"[521] £ to 0 .0 0 .0 0 .0
|  [523] lhg/2 109.8 454.5 434.4
|  [532] lhg/2 129.2 287.0 729.0
##"[505] lh n /2 171.2 1 2 1 .1 426.6
#+[651] 1Î13/2 183.5 105.3 683.2
#+[402] 2 ds/2 212.0 268.7 474.6
#"[530] 2 f7/2 315.2 451.4 794
#+[400] 3S1/2 327.9 367.7 682.9
§+[402] 2 d5/2 1152.9 1296.1 -1700
#+[404] lgr /2 752.5
T - 5  [514] lh n /2 1474.3 1577.9 1905.9
The position of the | +[400], | +[402], | +[402] and | +[404] orbitals in the three 
level schemes is shown in Figure 6 6 . The location of these band heads is particularly 
revealing because as the highest spin members of their respective spherical shells they 
are predicted to remain pure (not having any opportunity to mix with other similar 
spin and parity states) and parallel with increasing deformation. Therefore, the relative 
level spacing of these four up-sloping and parallel orbitals in the three Gd isotopes 
very clearly reflects the spacing of the spherical shells which they originate from. The 
relative spacing of these levels persists, in 155Gd and 157Gd in spite of the effects of 
deformation.
This clear energy separation is suggestive of the presence of a neutron sub-shell 
closure at N = 64. It is clear that the shell gap persists far below the Fermi surface 
30 neutrons away) and to intermediate deformations.
A useful comparison is to look at the neutron-rich nucleus 131 Sn where these same 
orbitals play an important role. 131 Sn is just one neutron away from doubly-magic 132Sn 
and thus the single particle state energies should be representative of the spherical shell 
structure. The single particle structure of 131 Sn as established by (3 decay studies [87] 
is shown on the left hand side of Figure 6 6 . The single particle energies also appear 
to suggest a neutron sub-shell closure at N = 64. This analysis of the single-neutron 
quasi-particle levels far below the Fermi surface in rare-earth Gd isotopes appears to 
qualitatively confirm the existence of such a closure.
A nuclear proton sub-shell-closure at Z = 64 was first postulated in 1978 and was 
inferred from a sharp increase in 2 + excitation energy in the doubly magic ^ G d ^  
compared to the other nearby elements, [8 8 ]. Since then, the Z = 64 sub-shell-closure 
has become widely accepted [89, 90, 91, 92, 93]. The existence of a neutron sub-shell- 
closure is more debatable and there has been evidence both for and against. Ideally 
one would probe the existence of such a closure by performing spectroscopy on doubly
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Figure 64: The excitation energy of the Nilsson band heads in 153>155,i57q (j are shown.
magic nuclei around 5o2Sn82 and identifying the location of single particle states in the 
region. This has previously been (and arguably remains) a very difficult task although 
with the advent of radioactive beams it is expected to become much more achievable, 
see Jones et a l [94].
Currently the best information has to be gleaned from other observables. Fogelberg 
et a l carried out beta decay studies of 131 In which yielded the single particle energies 
shown in Figure 6 6 . This data appears to be supportive of a neutron sub-closure at N = 
64. Several studies have been carried out to study the BE(2) systematics moving through 
the Sn isotopes from N = 58 to N = 82, [95, 96, 97, 98, 99]. Several discrepancies arise 
in these studies and until these are tightly tied down it is not easy to read in to these 
values as to the presence of a sub-shell closure at N = 64.
To confirm the observation of the shell closure made in this work, it would be ben­
eficial to have strong assignments of the ^+[404] states in these nuclei. The | +[404] 
level was not assigned in 153Gd or 1,3'Gd, this may be due to the low cross-section for
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populating AL = 4 h states by the (p,d) reaction. Such assignments could be made by 
performing a similar study of these nuclei utilising a beam which would impart slightly 
higher average angular momentum, possibly deuterons or 3He. This would increase the 
cross section for population of higher spin states including the ^+[404] single-neutron 
state.
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Figure 65: Projections of the deuterons following the three reactions.
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6 Nuclear Reactions and the Surrogate Reaction Tech­
nique.
Nuclear reaction data is of interest for a variety of purposes including nuclear struc­
ture, nuclear-astrophysics and home-land security / energy applications. For these rea­
sons neutron and light ion induced reaction cross sections are very valuable. For home­
land security and energy applications neutron induced cross sections on actinide nuclei 
are of great importance, particularly in the low energy range, ~  tens of keV. In the nu­
clear astrophysical s-, r- and p-processes much wider ranges of reactions are of interest, 
both neutron-induced and light-ion-induced, incident on all range of nuclear masses, 
with a much wider energy region going from 10’s of keV to 10’s of MeV.
Direct measurements of compound nuclear reaction cross-sections on short-lived 
unstable nuclei can be extremely challenging and are often impossible. In many such 
cases, the surrogate reaction technique [12, 46, 47] provides the only viable option for 
deducing cross sections. The goal of the surrogate reaction technique is to produce 
the same compound system in a similar entry region (excitation energy, spin and parity 
distribution) as in the desired reaction but using a stable beam and target combination. If 
the entry distributions can be matched, a measurement of the decay probabilities in the 
various exit channels combined with a calculation of the formation probability provides 
the cross section of interest [12,46,47].
The premise of the surrogate technique is demonstrated in Figure 67. The top half of 
the figure shows the reaction of interest, typically a neutron induced reaction. The basic 
idea is to replace the first step, a + A, by an alternate, more experimentally achievable, 
surrogate reaction. This surrogate reaction is easier to access experimentally and creates 
the same compound nucleus, B*, as the reaction of interest. Following formation of the 
compound nucleus of interest the subsequent decay is measured. The bottom half of the 
figure shows a second “surrogate” reaction which forms the same compound nucleus 
B* via the b + B reaction. Various decay modes, shown in in Figure 67, can be measured 
following formation of the compound nucleus, including neutron emission, fission and 
7 -ray emission.
This technique comes with the clear advantage that a beam target combination can 
be chosen which allows an experimental measurement to be made. However, the tech­
nique also comes with several assumptions. The first assumption is that, to first order, 
a compound nucleus is formed, and that its formation and subsequent decay are inde­
pendent of each other [48]. The second major assumption is that the decay probability 
of a compound nucleus is independent of the spin and parity distribution of the states 
populated. This is the Weisskopf-Ewing approximation [100, 101, 102, 103] of the 
Hauser-Feshbach formalism [104]. It turns out that these approximations are more ap­
plicable in some cases than in others.
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Figure 67: Schematic of the surrogate reaction technique, [12].
Recently, benchmarking experiments have shown that surrogate reactions and, in 
particular, the various surrogate ratio techniques [105, 106], can reproduce known neu­
tron induced cross sections to within a few percent (~5%) for (n, f) [50, 51, 52, 53, 54] 
and to ~  20% for (n, 7 ) reactions in the actinide region [55, 56]. However, significant 
discrepancies, factors of 2 - 3, have been observed when the same techniques are ap­
plied to (n, 7 ) reactions in the mass 150 region or near closed shells [57, 58, 59]. A 
mismatch in the entry spin distributions between the (n, 7 ) and surrogate reactions may 
contribute significantly to this discrepancy (typically light ion induced reactions have 
been used as surrogates, e.g. (a,a/), (p,p/), (p,d) and (p,t)).
One of the major factors suggested by Scielzo et al. [57] for the large discrepancies 
in (n,7 ) cross-section measurements in the region is the validity of the Weisskopf-Ewing 
approximation. Essentially the surrogate reactions being utilized in this region are not 
putting in a distribution that can be approximated to that of a neutron induced reac­
tion. The angular momentum distribution transferred by the (n/y) reaction is expected 
to be lower than the average angular momentum transferred by the light ion reactions 
which are accessible for surrogate reaction measurements. The distribution expected 
for (n,7 ) is centered around ~  1 - 2h.
To attempt to quantify the V  mismatch, the (p,d) and (p,t) reactions measured in the
103
current work give a good handle for studying the spin input to the continuum region of 
Gd nuclei via different reaction mechanisms. If a measure can be made to quantify the 
difference in entry spin between the surrogate and intended reaction, a correction to the 
extracted cross-sections may be possible.
6.1 Measuring the Spin Imparted by Light Ion Transfer Reactions.
The second part of this thesis presents two different methods of experimentally mea­
suring the spin transferred by light ion transfer reactions. Specifically the average spin 
distribution imparted to gadolinium isotopes via the (p,d) and (p,t) reactions is mea­
sured.
The first method can be used to measure the spin transferred when populating even- 
even nuclei and involves an analysis of the decay intensities of low-lying low-spin yrast 
levels. As shown in Section 5.1, a coincidence gate placed upon a 7  ray returns particles 
with energies which correspond to the excitation energy of both the level itself (if it is 
directly populated) and also all states directly populated at higher excitation energies 
which eventually decay via the level selected by the 7 -ray coincidence. In even-even 
isotopes, the yrast band states act as a band of collector states and indeed almost all 
of the population eventually decays through the 2 + level of the yrast band regardless 
of initial excitation energy. It will be shown that an analysis of the feeding of the 
yrast band states from the continuum region can be used to make a measurement of the 
distribution of spins imparted to the statistical continuum region. This technique will 
be described in Section 6.2.2. Ideally, to carry out this analysis particle singles data is 
required. In an ideal experimental setup, particle singles data would correspond to the 
particle spectrum observed if the energy of all particles was detected. In the current 
work, this data does not exist for several reasons as will be described. In Section 6.2.1 
a method of recovering the particle singles data from the particle- 7  coincidence data is 
explained.
The second method of quantifying the angular momentum transferred to the statisti­
cal continuum region will be presented in Section 6.3. This method measures the entry 
spin distribution in Gd nuclei following both the (p,d) and (p,t) reactions using outgo­
ing light ion angular distribution for the first time. This work was recently published 
in Physical Review C in May 2012, [107] (see Appendix D). Whilst particle angular 
distributions have been used for many decades as a method for measuring the spin trans­
ferred to discrete states [4, 65, 6 6 ] (indeed this technique is utilised in Section 5 of this 
work) this is the first time a measurement of the statistical continuum region has been 
made using such methods. It will be shown that these two methods of measuring the 
spin imparted to the continuum are complementary and are in agreement.
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6.2 Method 1: Utilising Measurements of Yrast Band Feeding.
This method of deducing the spin transfer relies upon measuring the fraction of total 
decay passing through the 2+, 4+, 6 +, 8 + and 10+ levels of the yrast band.
For the reaction of interest, 158Gd(p,t)156Gd, particle singles data was not recorded 
during the experiment making it more challenging to carry out the analysis described in 
Section 6.2.2. In an ideal experimental situation, particle singles data corresponds to 
the particle spectrum assuming 1 0 0 % of particle events are detected and saved to disk. 
The particle singles spectrum is useful because it provides a relative measurement of 
the reaction cross section as a function of excitation energy in the nucleus.
A method of adjusting the 7 -ray gated particle spectrum, from the Gd data, so that 
it can be used for such an analysis in lieu of particle singles data will be described 
in Section 6.2.1. The analysis of the feeding of the yrast band in 156Gd will then be 
presented in 6 .2 .2
6.2.1 Retrieving the Gadolinium Singles Data.
To solve the problem of not having particle singles data, a spectrum equivalent to the 
particle singles using the particle- 7  coincidence spectrum is recovered. The 7 -ray gated 
spectrum is expected to have similar features to the desired singles spectrum. The only 
expected difference lies in population of the 156 Gd ground state which is not evident in 
the 7 -ray gated spectrum.
In order to multiply the 7 -ray gated triton spectrum by the correct factor, the num­
ber of events expected to occur with a 7 -ray decay but which went undetected by the 
LIBERACE array (i.e. M7 = 0 events) is estimated. To do this, the experimental 7 -ray 
multiplicity curve, for M7 >  1, is utilised.
The measured 7 -ray multiplicity curve is shown in Figure 6 8  a). The maximum 
multiplicity possible with the LIBERACE array is M7 = 5. This number is limited by 
the number of HPGe clover detectors in the array, 5.
As 7 -ray multiplicity increases, the number of events with that multiplicity drops 
by a factor of ~  10. Very few multiplicity 5 events are recorded.
The experimental 7 -ray multiplicity data is fitted with a binomial of the form shown 
in Equation 40.
In this equation n corresponds to the number of detected 7  rays, M  corresponds 
to the average expected 7 -ray multiplicity and e corresponds to the efficiency of the 
LIBERACE array. The values of M  and e were varied to achieve a good fit to the 
experimental data points (Figure 6 8  b). The best fit was achieved with an average 7 -ray
(40)
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multiplicity, M, of 5 and a LIBERACE efficiency, s, of 5.7%.
With the fit shown in Figure 6 8  b), the binomial distribution dictates that 71.5% of 
events which are expected with a measurable 7 -ray decay were not measured. There­
fore, by multiplying the 7 -ray gated triton spectrum by a factor of 1/(1-0.715) the parti­
cle singles spectrum is reproduced.
The analysis described in Section 6.2.2 will use the corrected triton spectrum in lieu 
of triton singles data on the 158Gd target.
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Figure 6 8 : Red: The experimental 7 -ray multiplicity. Blue: The binomial fit to the 
experimental data.
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6.2.2 Utilising Method 1 for 158Gd(p,t)156Gd.
The first method of measuring the transferred spin is specifically for use in even- 
even nuclei. The method relies on measuring the intensity of the total population of the 
residual nucleus which decays via each of the levels in the yrast band. In this region 
in even-even nuclei, the yrast band acts as a series of collector states, so that it can 
be approximated that almost all of the population in the even-even nucleus, eventually 
decays via the 2+ state of the yrast band. A schematic of this method of decay is shown 
in Figure 69. By measuring the fraction of the total continuum population which decays 
via each of the yrast states as a function of spin, a measurement of the spin imparted to 
the continuum region of the compound nucleus can be made.
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Figure 69: The yrast band in 156Gd.
As an example case of this method, the 158Gd(p,t)156Gd reaction will be used. 
As stated in Section 4, a particle- 7  coincidence was required in order for data to be 
recorded. A matrix of tritons measured in coincidence with 7  rays is created. The ma­
trix is shown in Figure 70. Projections of this matrix onto the triton energy and 7 -ray 
energy axis are shown in Figure 71.
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Figure 70: The triton- 7  coincidence matrix for the 158Gd(p,t)156Gd reaction. Triton 
energy is displayed as a function of excitation energy in the residual 156Gd nucleus.
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Figure 71 : Top: Projection of the 158Gd(p,t)156Gd triton- 7  matrix onto the triton energy 
axis, shown above as a function of excitation energy in 156Gd. Bottom: Projection onto 
7 -ray energy axis.
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Figure 72: Tritons in coincidence with the 961 keV transition from the first excited 0+ 
level to the yrast band 2+ level. The discrete peak close to 1 MeV in excitation energy 
corresponds to the energy of the 0 + level.
When a gate is placed on a 7  ray, it returns the tritons which correspond to the 
ensemble of states populated by the (p,t) reaction which eventually decay via the level 
selected by the 7  ray. If the level which the 7  ray depopulates was directly populated in 
the reaction a sharp peak will be returned which corresponds to the excitation energy of 
that level. If the level which is gated upon is fed from levels at higher excitation energies 
in the compound nucleus the spectrum returned looks quite different. In Figure 72, the 
particles measured in coincidence with a 7  ray of energy E7 = 961 keV is shown. This 
7  ray decays from the first excited 0+ state in 156 Gd. The peak in the spectrum tells 
us that this 0+ state is directly populated. By fitting the peak the energy of the level is 
measured, E* = 1057 ± 1 8  keV. This compares well with the established energy for this 
level of E* = 1049.487 ±  0.002 keV.
In Figure 73 gates on the five lowest lying transitions in the 156Gd yrast band are 
shown. These spectra are clearly very different to the spectrum shown in Figure 72. 
Taking the 4+ to 2+ decay as an example; we see that there is very little direct population 
of the 4+ state. The rest of the spectrum shows the ensemble of directly populated 
higher lying states that eventually 7 -ray decay to and through the 4+ level. The shape 
of the spectrum reflects the shape of the total triton energy spectrum shown in Figure 
71 a). Gates placed upon 7  rays decaying from the 2+, 6 +, 8 + and 10+ yrast band states 
are also shown in Figure 73. These spectra exhibit similar properties.
In order to determine the fraction of the total population which passes through each 
yrast band state as a function of excitation energy, Equation 41 is used [57]. This 
equation has two aspects. Firstly, 7 -ray energy dependent corrections are made to the 
7 -ray gated spectrum. Corrections are made for the 7 -ray detection efficiency (thus 
retrieving events lost due to not being detected in LIBERACE), e7, and the conversion 
coefficient, a. The corrected 7 -ray gate A^_7 (E*) is then divided by the particle singles 
spectrum M-smgZesCE*) as a function of excitation energy (Section 6.2.1).
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Figure 73: Tritons in coincidence with gates on the five lowest lying transitions in the 
yrast band.
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The 7 -ray detection efficiency factor for each gate is taken from Section 4.2. Internal 
conversion coefficients were calculated using the BRICC internal conversion calculator
[108].
The resultant spectra are shown in Figure 74 and, for E* > 4.5 MeV, show the 
percentage of the total population of 156Gd which passes through each of the five lowest 
lying yrast levels. Approximately 92% of the total population of the continuum region 
in 156Gd eventually 7  ray decays via the 2+ state. This fraction drops to ~  75% for the 
4+ state, ~  35% for the 6 + state, ~  10% for the 8 + state and ~  3% for the 10+ state.
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Figure 74: Probability of passing through each yrast-band state as a function of excita­
tion energy.
By inspection of the data displayed in Figure 74, an initial estimate of the spin 
imparted can be inferred. Seeing as almost 100% of population passes through the 2+ 
state one can assume the average spin imparted is greater than 2 h. Approximately 75% 
of all population passes through the 4+ state and approximately 35% passes through 
the 6 +. This suggests that the average spin imparted in greater than 4 h and less than 6  
h. By taking these percentages and plotting them as a function of yrast band spin, the 
distribution shown in Figure 75 is inferred. This distribution does not take into account 
the spin lost in the 7 -ray cascade prior to the yrast band.
A more informed estimate of the imparted spin distribution was made by comparing 
the data in Figure 74 with a statistical model calculation carried out by I.E. Escher at 
Lawrence Livermore National Laboratory, [13]. Escher’s estimate takes all information 
known about the structure of the nucleus of interest, in this example 1 )6Gd, and an esti­
mate of the level density at higher excitation energy (between ~  2MeV and the neutron 
separation energy). At each excitation energy (between 4 MeV and 11 MeV) and for a 
given trial initial entry spin distribution, a Hauser Feshbach calculation is then utilised 
to model the decay of lo6Gd. Following the decay the yrast band intensities are calcu­
lated. This process is repeated for many different initial entry spin distributions. For 
each distribution, the calculated yrast band 7 -ray intensities are compared with the ex­
perimentally measured intensities (shown in Figure 74) and a figure of merit calculated 
(X2). By this technique the entry spin distribution which most closely reproduces the
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experimental data measured in the yrast band decay (Figure 74) is found and is shown 
in Figure 76 by the red curve.
The spin distribution which best reproduces the experimental feeding intensities is 
centered around a spin of 4 - 5. This is in agreement with the estimate made by a visual 
inspection of the data, shown in Figure 75.
This analysis has also been carried out for the lo6Gd(p,p/)156Gd reaction. The (p,p/) 
data was collected as part of a separate investigation of gadolinium isotopes and is 
published by Scielzo et al. [57]. The spin distribution determined from this data, again 
by I.E. Escher from Lawrence Livermore National Laboratory is shown in Figure 77. 
The transferred spin distribution peaks slightly lower than the (p,t) reaction. Work is 
continuing on the analysis of data which populates 154Gd via the same (p,t) and (p,p/) 
reactions.
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Figure 75: The spin distribution transferred by the (p,t) reaction, inferred following a 
visual inspection of the data shown in Figure 74.
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Figure 76: The six best fit spin distributions transferred by the (p,t) reaction following 
the H.F. analysis by I.E. Escher. Figure courtesy of I.E. Escher, [13].
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Figure 77: The seven best fit spin distributions transferred by the (p,pO reaction follow­
ing the H.F. analysis by I.E. Escher. Figure courtesy of I.E. Escher, [13].
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6.3 Method 2: Utilising the Angular Distributions of Outgoing Light 
Ions
The second method of measuring the angular momentum transferred to the con­
tinuum region relies on measuring the angular distributions of the outgoing charged 
particles. As shown in the sections of this thesis focussing on the nuclear structure of 
the even-odd nuclei, the spin transferred following direct population of discrete states 
can be well characterized by comparing the angular distribution of the outgoing light 
ions with Distorted Wave Bom Approximation calculations for different spin transfer 
values. Figure 80 shows two examples of the measurement of L-transfer for discrete 
states in the even-odd 153Gd and even-even 156Gd.
The triton and deuteron spectra following the 158Gd + p reaction are shown in Fig­
ures 78 and 79 respectively. It is important to note that these spectra directly reflect the 
initial entry states in 156Gd and 157Gd, i.e. states directly populated by the (p,t) and (p,d) 
reactions which subsequently decay to lower lying states by 7 -ray emission. For exci­
tation energies below the neutron separation energy, 7 -ray decay is the only available 
decay mode, and therefore these spectra reflect the initial entry points into the nucleus. 
Also shown in Figure 78 is the triton spectrum in coincidence with the 4+—>2+ yrast 
band transition in 156Gd. In this case the 7 -ray gate selects the ensemble of initial states 
which eventually decay through the 4+ level.
At low excitation energies, less than ~  1.5 MeV, the triton spectrum in Figure 78 is 
dominated by a few (mainly unresolved) discrete peaks corresponding to direct popu­
lation of specific low-lying levels in the nucleus. At an excitation energy of ~  2 MeV 
there is a large increase in triton intensity with a prominent “peak-like-feature” corre­
sponding to strong population of numerous states just above the pair-gap. At higher 
excitation energies there is a smooth, almost linear, decrease in triton intensity up to the 
highest excitation energies measured in the current experiment, E* ~  10 MeV. Similar 
features appear in the deuteron spectrum (populating the 157Gd nucleus), Figure 79 and 
are described in Section 5.1.
Requiring a coincidence with a discrete 7 -ray transition reveals the distribution of 
entry states that subsequently decay through the level selected by the 7 -ray transition. 
For example, Figure 80a shows the triton spectrum in coincidence with the 960 keV 
transition which depopulates the first excited 0+ level at E* = 1049 keV in 156Gd. The 
spectrum is dominated by a single triton peak at an excitation energy corresponding 
to direct population of the 1049 keV level. A second smaller peak at ~  1800 keV 
corresponds to a second state which is also populated directly and decays through the 
1049 keV state. The measured angular distribution of tritons which directly populate the 
1049 keV level (i.e. those in coincidence with both the 960 keV 7  ray and the discrete 
triton peak at E* = 1049 keV in Figure 80a) is shown. The measured distribution is
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Figure 78: Black: The lD8Gd(p,t) spectrum observed in coincidence with 7  rays. Parti­
cle energy is displayed as a function of excitation energy in the resultant lo6Gd residual 
nucleus. Dotted: Tritons observed in coincidence with the 4+—>2+ yrast band transi­
tion, thus selecting all initial entry states which decay via the 4+ state. Five excitation 
energy bins (labelled A-E) which are used in the continuum region angular distribution 
analysis are shown.
compared with calculated DWBA angular distributions for various angular momentum 
transfer values from AL = 0 through 5 h. The data is clearly best reproduced by an AL 
= 0 h transfer as expected for this 0+ state. A reduced chi-squared measurement of best 
fit, confirms that the data is best fit by the AL = 0 calculation. It is worth emphasizing 
that the curves are not fits to the data. Rather, for all comparisons of angular distribution 
data, the calculated and measured distributions are normalized to 1 0 0  units.
As another example, Figure 80b shows the deuteron spectrum selected by a 7 -ray 
coincidence gate on the 212 keV transition depopulating the 212 keV | + | +[402] state 
in lü3Gd. Again the spectrum is dominated by a single peak corresponding to direct 
population of the | + state. The angular distribution of these deuterons (i.e. those in co­
incidence with the 212 keV 7 -ray transition and the discrete deuteron peak at E* = 212 
keV) is shown at the bottom of Figure 80b. As expected, the data are best reproduced 
by AL = 2 h transfer. Similar results are obtained for other states directly populated by 
the (p,d) and (p,t) reactions. In general, within the statistical uncertainty, the measured 
angular distribution is well reproduced by the known L-transfer to the state of interest 
for discrete states. It should be noted that in the limited angular range subtended by the 
Si detectors, some calculated curves are quite similar and cannot be distinguished by 
the data.
The DWBA angular distribution calculations shown were carried out with DWUCK4
[64] and are described in Section 2.2.3. In the following analysis, where the higher 
excitation energy quasi-continuum region is studied, the same parameters were used,
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Figure 79: Black: Deuteron energy spectrum from the projection of the deuteron- 7  
coincidence matrix. Particle energy is displayed as a function of excitation energy in the 
resultant 15'Gd residual nucleus. The six excitation energy bins (labelled A-F) which 
are used in the continuum region angular distribution analysis are shown.
however the Q-value was adjusted to account for the higher excitation energy, [67]. 
This adjustment is responsible for the different shape of the calculated curves shown 
below in Figures 82 and 83.
Having established the sensitivity of the angular distributions to the L-transfer for 
discrete states we move on to investigate the properties of the quasi-continuum. For 
this analysis, several wide energy bins in the quasi-continuum region were employed, 
shown in Figures 78 and 79 for the (p,t) and (p,d) analyses respectively.
For the lo8Gd(p,d)lo/Gd reaction, the angular distributions of the deuterons for each 
different continuum excitation energy bin (no 7 -ray coincidence required) is shown in 
the top row of Figure 81. The distribution tends to become more uniform with increas­
ing excitation energies. A similar plot for the (p,t) reaction is shown in the second row 
of Figure 81. As for the (p,d) reaction, the angular distribution of the tritons tends to 
flatten with increasing excitation energies. As we will see this flattening corresponds to 
a higher average angular momentum transfer at higher excitation energies.
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Figure 80: Comparison of measured and calculated (DWBA) angular distributions, a) 
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is well characterized by AL = 0 h. b) The distribution of deuterons which directly 
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This can be inferred from the angular distribution of tritons in the 3 - 6  MeV exci­
tation energy range (bins B and C) when selected by a coincidence with the 2+—K)+, 
4+—>2+, 6 +—>4+, and 8 +—>6 + transitions in the yrast band o f 156 Gd, bottom row of Fig­
ure 81. The 7 -ray coincidence selects the initial entry populations which subsequently 
decay via the level selected by the gate. The angular distribution becomes more uniform 
with the increasing spin of the state selected.
It should be noted that in Figure 81, the highest energy bin in the triton spectrum 
is above the neutron separation energy. Therefore, data for this bin was also selected 
by a coincidence requirement with an intense yrast band 7 -ray transition in 156Gd (the 
344 keV 4+—>2+ transition). Although the two highest energy bins in the deuteron data 
are also above the separation energy for 157Gd, such a 7 -ray coincidence is not feasible 
because of the highly fragmented 7 -ray cascade in the odd nucleus and because neutron 
emission rapidly dominates over 7 -ray decay for these excitation energies.
The angular distribution of deuterons in the continuum, in the 5 - 6  MeV excitation 
energy range (energy bin C), is compared to calculated DWBA angular distributions 
(adjusted for E* ~  5 MeV) for different angular momentum transfers from AL = 0 
to AL = 6  ft in Figure 82. A reduced chi-squared analysis is used to compare the 
experimental distribution to each of the calculated curves. Assuming a single L-transfer 
value, the deuteron distribution is best reproduced by AL = 4 ft, (x2 = 0.49).
Similarly the angular distribution of tritons in the 3 - 6  MeV excitation energy range 
(energy bins B + C) are compared to calculated DWBA angular distributions for differ­
ent angular momentum transfers from AL = 0 to AL = 6  ft in Figure 83. Assuming a 
single L-transfer value, the experimental distribution is best reproduced by AL = 5  ft, 
(X= = 1 1).
Table 14: The spin distribution of Escher et al. [13] based upon side feeding of the yrast 
band in 156 Gd. ____________________________________________
AL (ft) 0 1 2 3 4 5 6
2 % 6 % 6 % 8 % 31% 41% 6 %
Of course, the spin transfer into the continuum is not expected to be of single integer 
value but rather a distribution, probably peaking around a specific spin value. Indeed 
as discussed in Section 6.2 Escher et a l [13] have been able to model this distribution 
for the 158Gd(p,t)156Gd reaction. The theoretical distribution of Escher et a l peaks 
around 4-5 ft with smaller contributions from lower spin transfer values. This distri­
bution is shown in Figure 76 and for spin-transfer values of AL = 0 through 6  ft, is 
shown in Table 14. Using these values a weighted sum of the individual DWBA curves 
excellently reproduces the experimental angular distributions of tritons following the 
158Gd(p,t)156Gd reaction as shown in Figure 83, bottom right panel.
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Figure 82: The angular distribution of the deuterons following the lo8Gd(p,d)157Gd 
reaction which correspond to direct population of the quasi-continuum region in la7Gd 
(5 - 6 MeV) is shown compared with the calculated DWBA angular distributions.
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Figure 83: The angular distribution of the tritons following the 158Gd(p,t)156Gd re­
action which correspond to direct population of the quasi-continuum region in I56Gd 
(4.5 - 6 MeV) is shown compared with the calculated DWBA angular distributions. The 
experimental data is also compared to a weighted combination of the DWBA curves.
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6.4 Discussion of Reactions Results
Two techniques for measuring the angular momentum transferred to the contin­
uum region of nuclei following light ion transfer reactions have been demonstrated in 
Sections 6.2 and 6.3. The two techniques were carried out following proton induced 
reactions on an even-even 158Gd target and utilise different properties of the same data. 
The two techniques are in very good agreement with each other.
The spin transferred by the (p,t) reaction is measured by both techniques follow­
ing the 158Gd(p,t)156Gd. The distribution found following analysis of the yrast band 
transitions in 156Gd is found to be centered around A - 5% transfer. In the second tech­
nique the angular distribution of the continuum is best fit by AL = 5 h. A  combination 
of the DWBA curves according to this distribution found using the first technique ex­
cellently reproduces the angular distribution of the tritons following population of the 
156Gd continuum region.
Examination of the intensity flow through the low lying level schemes of the even- 
even Gd nuclei reveals that AL = 4 -  5 h transfer is quite reasonable. For 156Gd, the 2+ 
level is fed only though known discrete low-lying levels, mainly from the 4+ yrast band 
level (~  80% of the intensity) and a variety of non-yrast 0 +, 2 + discrete states around 
1 MeV excitation energy. There is very little (~  none) direct side-feeding from higher 
lying quasi-continuum states. Therefore, the initial entry states must first decay through 
these lower lying states. Since most of the 2+ intensity comes via the 4+ level an initial 
entry spin centered around AL = 4 - 5 Ms not unreasonable. This result is also similar 
to the results of Guttormsen et a l [109] who measured an angular momentum transfer 
of ~  5 ft when populating dysprosium nuclei via the (3He,a) reaction mechanism.
A transferred spin distribution peaking at AL ~  4 - 5 ft is significantly higher than 
one would expect of an (n,7 ) reaction. In a study of Gd nuclei by the (p,p/) mechanism, 
Scielzo et al. [57] carried out calculations which suggest that the (n,7 ) reaction pop­
ulates the compound nucleus with a spin distribution which peaks around AL = 1 - 2  
ft. This mismatch may be responsible for discrepancies in cross-section measurements 
when utilizing light ion reactions as surrogates for neutron induced reactions.
In conclusion, the combination of particle angular distributions and coincident 7 - 
ray detection has been demonstrated as a powerful tool both for measuring the spin 
of directly populated discrete states and the spin input to the quasi-continuum follow­
ing light-ion transfer reactions. The very high selectivity of this technique could prove 
invaluable as attention turns to the study of exotic rare isotopes where statistics are lim­
ited. The entry spin distribution imparted to the highly-excited quasi-continuum in Gd 
nuclei, between ~  2 and 10 MeV, has been measured for (p,d) and (p,t) reactions at 
Ebeam = 25 MeV. For the (p,d) reaction, the experimental angular distribution was most 
clearly reproduced by AL = 4 ft transfer. Similarly, the entry spin imparted into 156Gd
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by (p,t) reactions was measured and found to most closely resemble an angular mo­
mentum transfer of AL = 5 h. A  linear combination of DWBA curves according to the 
spin distribution of Escher et al. [13], is in excellent agreement with the experimental 
distribution for the (p,t) reaction.
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7 Conclusion
A study of gadolinium isotopes utilising the (p,d) and (p,t) reaction mechanisms has 
been carried out.
The 154Gd(p,d)153Gd and 158Gd(p,d)157Gd reactions were utilised to probe single­
neutron quasi-particle structures in 153Gd and 157Gd. The (p,d) reaction is a highly 
selective reaction which preferentially populates low spin states up to relatively high 
excitation energies. In this work several new single-neutron quasi-particle assignments 
were made above 1 MeV in both nuclei. Inspection of the systematics of the quasi­
particle states populated in these nuclei by the (p,d) reaction reveals an excitation energy 
gap between levels which originate from spherical shells above and below the N = 64 
neutron-shell gap. This provides further evidence in support of the existence of a sub­
shell closure at N = 64. It is quite striking that such effects are observed so deep below 
the neutron Fermi surface. It is also interesting that the shell gap persists to intermediate 
deformations.
To cast further light on the situation it would be advantageous to carry out similar 
studies in other nuclei, and in particular in Gd nuclei, to find strong candidates for the 
! +[404] quasi-particle state in these isotopes. To make such assignments, it would be 
helpful to carry out a second experiment utilising the same three targets with a heavier 
beam which should preferentially populate higher spin states, for example, (d,p) or 
(3He,a).
This result may have implications across the nuclear chart. Knowing the position of 
these exotic orbitals in gadolinium nuclei, it should be possible to extrapolate back and 
locate the spherical shell states in the N = 64 region. This is analogous to the situation 
in super heavy nuclei where deformed states, in for example 254No, are being identified 
in order to infer information about shell closures above N = 126. The position of the 
next shell closure above N = 126 is of great interest and may suggest the location of 
stable super heavy elements yet to be observed. The next step with this result is to carry 
out experiments to measure the deformation of these nuclei and to try and tie down the 
location of these orbitals using theoretical calculations.
The second major focus of this thesis was upon developing techniques which allow 
a quantification of the angular momentum transferred by various light ion transfer re­
actions. This information is of great importance for measuring neutron induced cross 
sections on short lived nuclei. One way to make such a measurement is the surrogate 
reaction technique: here a stable beam target combination is utilised to create the com­
pound nucleus of interest. Typically light ion reactions are used to best reproduce the 
neutron induced reaction. A stumbling block for this technique is that it is important 
that the surrogate reaction must impart a similar spin and parity distribution as the neu­
tron induced reaction. The neutron induced reaction is expected to impart an average
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spin of approximately 0 -1  h.
Two independent techniques of quantifying the transferred distribution following 
the (p,t) on 154Gd and 158Gd were developed.
The first technique requires inspection of the feeding of the low lying compound 
nucleus from high excitation energies. This technique is only practicable for measure­
ments of the spin transferred to even-even nuclei where the yrast band acts as a series of 
collector states in the nucleus. The second technique can be utilised in both even-even 
and odd-even nuclei and was demonstrated following the (p,d) on 154Gd and 158Gd. In 
this method a measurement of the angular distribution of the outgoing light ions is made 
and compared to calculations for the angular distributions expected from different an­
gular momentum transfers. This second method was also carried out for the even-even 
nuclei following the (p,t) reaction and the independent measurements from these two 
techniques proved complementary. The spin transferred by the (p,t) reaction was found 
to be a distribution centered around 4 - 5 h. The spin distribution transferred by the 
(p,d) reaction was found to be peaked around a lower value closer to 4 h. Both re­
actions transfer an average angular momentum greater than that of a neutron induced 
reaction.
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A DWBA Calculations
Examples of DWBA input files for AL = 0 h transfers are shown in Figure 84 (for 
the (p,d) reaction) and Figure 85 (for the (p,t) reaction).
A summary of the notation utilised in Table 2 is provided below.
Vso ~ Strength of the spin-orbit potential (MeV). 
iso - Reduced radius of the spin-orbit potential (fm). 
a.So - Diffuseness of the spin-orbit potential (fm).
V - Strength of the real potential (MeV). 
r0 - Reduced radius of the real potential (fm). 
a0 - Diffuseness of the real potential (fm).
W - Strength of the volume imaginary potential (MeV).
Rw  - Reduced radius of the volume imaginary potential (fm). 
a.w - Diffuseness of the volume imaginary potential (fm).
W d - Strength of the surface imaginary potential (MeV).
Rd - Reduced radius of the surface imaginary potential (fm). 
ad - Diffuseness of the surface imaginary potential (fm).
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1 0 0 1 0 0 0 0 3 0 0 0 0 0 0 0  1 5 6 G d ( P , D ) 1 5 5 G d
+ 1 8 0 .  + 0 0 .  + 0 1 .
+ 1 5 + 0 1 + 0 0 + 0 1
+ 0 0 . 1 0 + 0 7 . + 0 0 . 0 0
+ 2 5 . 0 + 0 1 . + 0 1 . + 1 5 6 .
+ 0 4 . - 1 2 . 0 + 0 1 . 1 0 + 0 0 . 7 0
+ 0 1 . - 5 5 . 7 + 0 1 . 2 0 + 0 0 . 7 0
- 0 2 . + 0 0 . + 0 0 . 0 0 + 0 0 . 0 0
- 0 6 . 3 1 1 + 0 2 . + 0 1 . + 1 5 5 .
+ 0 1 . - 1 0 0 . 7 + 0 1 . 1 5 + 0 0 . 8 1
- 0 2 . + 0 0 . + 0 0 . 0 0 + 0 0 . 0 0
- 0 8 . 2 2 4 + 0 1 . + 0 0 . + 1 5 5 .
- 0 1 . - 0 1 . + 0 1 . 1 5 + 0 0 . 8 1
+ 0 2 . + 0 1 . + 0 1 . + 0 1 .
9 END OF DA"
+00.845
+ 6 4 . + 0 1 . . 2 5 + 0 0 . . 8 5 + 0 1
+ 0 0 .
+ 0 0 . - 0 0 , . 0 + 0 0 . , 0 0 + 0 0 . . 0 0 0 + 0 0
+ 0 0 . + 4 5 . . 2 + 0 1 . , 2 5 + 0 0 . , 7 0 0 + 0 0
+ 6 4 . + 0 1 . , 1 5 + 0 0 . , 5 4 + 0 2
+ 0 0 . + 7 5 . , 5 4 + 0 1 . , 3 4 + 0 0 . , 6 8 0 + 0 0
+ 6 4 . + 0 1 . , 2 5 + 0 1
+ 2 5 .
+ 5 8 .
> DWUCK4 t e s t  c a s e s
Figure 84: Example of DWBA input file for AL = 0 h transfer following the (p,d) 
reaction.
1 2 0 2 0 1 0 1 3 0 0 0 1 0 0 3 0  G D 1 5 6 C P , T ) G D 1 5 4 0 +  25M eV
+ 1 8 0 . + 0 0 . + 0 1 . 0
+ 2 0 + 0 1 + 0 0 + 0 0
+ 0 0 . 1 + 0 0 . + 1 5 . + 0 0 .
+ 2 5 . 0 + 0 1 . + 0 1 . + 1 5 6 . + 6 4 . + 0 1 . 2 5 + 0 1
+ 0 4 . - 0 6 . 2 + 0 1 . 0 1 + 0 0 . 7 5 + 0 0 .
+ 0 1 . - 5 5 . 0 + 0 1 . 1 7 + 0 0 . 7 5 + 0 0 . - 0 2 . 8 + 0 1 . 3 2 + 0 0 . 6 3 6 + 0 0
- 0 2 . + 0 0 . + 0 0 . 0 0 + 0 0 . 0 0 + 0 0 . + 0 7 . 7 1 + 0 1 . 3 2 + 0 0 . 6 3 6 + 0 0
- 1 0 . 8 1 5 + 0 3 . + 0 1 . + 1 5 4 . + 6 4 . + 0 1 . 3 0 + 0 1
+ 0 4 . - 0 2 . 5 + 0 1 . 2 0 + 0 0 . 7 2 + 0 0 .
- 0 1 . - 1 5 9 . 7 + 0 1 . 2 0 + 0 0 . 7 2 + 0 0 . - 1 9 . 1 8 + 0 1 . 4 0 + 0 0 . 8 4 + 0 0
- 0 1 . + 0 5 . + 0 0 . + 0 0 . 5 7 7 + 0 0 . + 0 0 . + 0 0 . 0
- 0 8 . 2 2 4 + 0 1 . + 0 0 . + 1 5 4 . + 6 4 . + 0 1 . 3 0 + 0 0 . 0 + 0 . 0
- 0 1 . - 0 1 . 0 + 0 1 . 2 + 0 0 . 6 5 + 2 5 .
+ 0 0 . + 0 4 . + 0 7 . + 0 1 . + 5 5 .
9 END OF DATA DWUCK4 t e s t  c a s e s
Figure 85: Example of DWBA input file for AL = 0 h transfer following the (p,t) 
reaction.
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